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TECHNICAL CONTENT STATEMENT

This report was prepared as an account of work sponsored by
the United States Government. Neilther the United Scutes nor the United
States Department of Energy, nor any of their employees, nor any of their
contractors, sub-contractors, or their employees, makes any warranties,
express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness or usefulness of any information, appa-
ratus, ﬁroduct or process disclosed, or represents that its use would

not infringe privately owned rights.

NEW TECHNOLOGY

No new technology is reportable for the period covered by this

report,
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1. SUMMARY

Using silk screened evaporated and sputtered Al as the metal
source, we have studied the formation of Al back surface fields (BSF).
The most satisfactory results were those obtained with the sputtered Al
and in which open circult voltages (voc) of 0.585v (12 @ em FZ silicon)
have been achieved. The ultrasonic iInterconnect process is being veri-
fied, The process is generally satisfactory, but increased pull-strength
may be obtained if some form of sintering is carried out on the metall-
lzed contacfs. Plasma etching has been shown to be feasible as a re-
placement for wet chemical cleaning prior to diffusion. An IPEG calcu-
lation shows 1its cost to be $0.005/watt peak (19758). Initial results
on cells prepared by using electroless Pd/Ni plus either electroplated
Ag or Cu have shown slightly poor performance than cells with the base-
1ine evaporated Ti/Pd/Ag system. This is being further studied. A new
mask has been designed for the 1,6 x 7.0 c¢m and 2.0 x 7.0 em cells. This
mask has a lower area coverage and total lower resistive loss than our '
previous mask design. It is also shown that the cell width should not

exceed 2.0 - 3.0 em for optimum efficiency.



2, INTRODUCTION

The major objective of this program is to define and verify a
process sequence for the fabrication of solar cell modules from dendritic
web silicon. Yet another objective is the development of key process
steps. For such development, the process sequence must ba amenable to
automation and low cost manufacturing methods so that the target selling
price of $0.50/watt peak (1975 § in 1986) can be wet,

Back surface fields (produced by a high/low junction at the
back of the .c¢ll) are used to decouple the high recombination velocity
ohmic back from the bulk of the material, This effect increases both Voc
and ISc of the cell. TFor p-base cells, boron or aluminum is generally
used to form the p+ junction on the back of the cell. Previous work has
shown that the type of p+ region obtained by an aluminum alloying pro-
cedure is generally superior to boron diffused p+ regions, At present,
we have concentrated on several techniques for applying the aluminum to
the back of the cell and on methods for alloying to form the p+ reglon.
Thus far, sputtered Al alloyed in either an rf furnace or resistance

furnace gives the most uniform and reproducible results.

The plasma etching process uses gas compositions which can be
broken down into a variety of active species by an rf glow discharge.
These reactive components then combine with surface contaminants on the
silicon surface to form wvolatile products which can be pumped out -f the
system. Plasma etching has been shown to be useful not only for this surface
cleaning But also for removing photoresist, and in some cases
ctching the silicon surface. In this period, we have cavried out a
study which indicated that plasma ecching could be used in place of the
normal pre-diffusion cleaning of the dendritic web silicon. It has also
becn shown that this process is cogt~effective, since the price is less
than $0.005/watt in 1986 (1975 §). |



The present metallization system used in this program is
evaporated Ti/Pd + electroplated Ag. Although a very reliable system,
its cost~éffectiveness can be questioned because of the large capital
expenditure required for vacuum systems. We are, therefore, investiga-
ting the applicability to dendritic web of an all-plated system
(electroless Pd/Ni) as first described by Motorola. After the initial
electroless plating, a thick conductive layer can be applied either by
solder-dipping or electroplating Ag on Cu. The first experiments have
shown that some changes are required in the Motorola process to fit our
process sequence, Specifically, several of the HF etches must be
deleted or modified due to their attack on the antireflection coating
used in our sequence, Further tests are underway to determine the
effectiveness and reliability of this system and a cost study comparing

it to the evaporated plus plated technique will be made.

Parametric tests of the ultrasonic bonding are required to
define acceptable operating regions. The parameters to he considered _
are bonding pressure, time and input power as a function of metallic
contact and interconnect foll. The acceptable variation of these para-
meters within the operating region can be used to determine the amount
of control required when an automated process is developed. These tests

have been completed for copper and nickel ribbon to electroplated Ag.

The overall efficiency nf a .olar cell is influenced by the
area coverage of the pgrid network used to collect the current. Nominal
coverages using printed grids are 10-12%Z of the total area. This area
is then unavailable for conversion of solar energy into electricity.
Photolithographic techniques permit the use of thinner grid lines with a
factor of two less area coverage. 1In this period a new mask design has
been developed which considers and minimizes the resistive and area
losses. This mask design, in conjunction with photolithographic tech-
niques, should give efficient current collection at a coverage of about
3-5% of the total area of the cell. This technique should increase the

absolute efficiency of the cell by 0.5 to 1%.



3. TECHNICAL DISCUSSION

3.1 Aluminum Back Surface Field Studies

3.1.1 Introduction

A high~low junction at the back of an n+p solar cell
(forming an d+p§+structure) results in enhanced open circult voltage and
short eirecuit current. The Voc is increased due to the+reduced back
surface recombination and the built in voltage of the p p region. Since
Isc is a function of Voc it will also increase when a back surface field

is present.

In the last quarterly report, we discussed how the back surface
field operation and efficiency can be expressed using parameters relating
to the p+ and p regions. It was alsc shown that due to several factors
(such as lower C, and regrown layer thickness) Al BSF's may be preferable

to those produced by a boron diffusion.

During this past quarter our experiments have concentrated
en (1) methods for applying Al to the back surface of the cell and (2)
methods of heating the cell and the temperatures required to drive in
the Al.

The application methods were:
1. Siik screened Al paste (Englehard 3484).
2. Evaporated Al.
3. Sputtered Al.

The heating techniques were:
1. Resistance heated furnace (N2 aﬁbient).
2. RF heated furnace (H2 or N, ambient).

Solar cell parameters and spreading resistance techniques are

buing used to determine the effectiveness of the sever 1 methods.



Insofar as the evaporated samples were concerned, we were
unable to achieve uniform drive in depths,or reproducible alloying
rasults. Although several possible reasons could be given for these
results (e.g. back surface not suafficiently clean before evaporation),

we will not pursue this technique any further.

3.1.2 5dilk Screened Aluminum Paste

The samples were silk-screened using a prepared Al paste
sold by Englehard Co. (#3484)*. The paste was applied using a 25 um
screen and the samples were dried at 200 - 250°C before any alloving pro-
cedure was attempted. After drying, the thickness of the paste was 20 -
25 um and the density was estimated to be about 65% of the theoretical value.

To determine the effect of heating time and temperature on the
thickness of the regrown layer and to determine an optimum time/temperature
regime for alloying, samples of float zone p-~type crystals sereened with
the Englehard paste were heated at 800°C, 825°C, and 850°C for 30 sec,

60 sec, and 120 sec. 1In nearly all cells, the screened material appeared
te wet the surface uniformly and did not bubble up or 1lift off the surface.
Athigher temperatures and longer times,the crystals were warped and the
850°C/120 sec, sample fractured. This warpage was not apparently related

to the degree of penetration and when the excess Al was etched off the

back surface the crystal returned to its original f£lat form.

The depth of the regrown layer was measured by a spreading

resistance technique on an angle lapped surface.

Essentially similar results were obtained using an Alcoa paste,



An anomaly was noted in this series of tests, In two cases
the dopant concentration profile indicated evidence of nonuniform
alloying. This effect is shown in Fig. 1. 1In this figure, the depth
into the crystal (in pm) vs. the dopant concentration is shown. As seen,
there is an abrupt changs in concentration at 2.8 um with the regrown
layer penetrating to 6.5 um where the base dopant concentration is noted,
This effect can be compared to a normal dopant concentration trace shown
in Fig. 2. The sample showing the anomaly was etched and the area where
the spreading resistance was measured was examined microscopically. A
thin imperfection line was noted at the resistance discontinudlty podint.
The chemical/crystallographic makeup of this band has not been deter-
mined. However, due to the nature of the spreading resistance technique,
it probahly represents a plane; perpendicular to the surface of the cell,
where the paste did not alloy ia,

There 1s another possible explanation for this data. The sur-

face concentration on a number of these samples was near lO19 cm3. This

is too high for pure AL for which G0 should bhe 4-6 x 1018/cm3.

There-
fore, it is possible that the noted profile is really the sum of the pro-
files of two impurities, one with a Co of lOlg/cmB, the other (Al) with
CD of 5 x lOla/cm3¢ We have contacted the supplier of the p:ste
(Englehard Industries) and they state that in their analysis In, B, or
Ga (the most probable impurities) in the paste were not detected. At
this point there is no firm conclusion as to the cause of the noted

discontinuity.

The depth of the regrown layer determined Ffrom these measure-
ments as a function of time and temperature is shown in Table 1. These
data do not show the expected relationship between the thickness of the
regrown layer and the time/temperature conditions, probably due to lack

of control of important: variables.

* .
Analyses made using emission spectroscopy.
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TABLE 1

Thickness of Regrown Layer at Various Times and Temperatures -
Silk Screened Englehard #3484

Thickness of

Temp, (°C) Time (Sec.) Regrowr Layer (um)
800 30 2.1
800 60 6.5
800 120 7.5
825 30 2.5
B25 60 13.8
825 | | 120 6.0
850 . 30 8.0
850 ' 60 3.8
B50 120 1.0



It may be noted that somewhat similar data was reported by
W. Taylor et al. (Quarterly Report, October 1978, Spectrolab, Contract
No. 954853),

These dnvestigations show Voc and ISc peaking at certain firing
times with both Voc and ISc lower at shorter and longer firing times.
Qur experiments were carried out in a resistance hecated furnace in a
nitrogen ambilent, and it is quite probable that oxygen back.streamed
into the furnace. Since the oxidation of the Al powder would vccur more
rapidly at higher temperatures, the Al on 850°C sample would oxidize
more rapidly than that of the lower temperature samples. Therefore, in
certain instances (e.g. high temperature) oxidation could impede the

alloying process and reduce the regrown layer thickness.

This oxidation process does not completely explain the data
in Table 1, but does give some idea of the complexity of the groblem.
Solar cells were fabricated on samples which had been silk-~screened with

the Englehard paste and alloyed at 850°C for 6 minutes and 8 minutes,

Table 2 shows representative dat. from these experiments. In
most cases,the data are averages of 2 to 5 equivalently treated samples.
In all cases, the front junction was phosphorous diffused with a junction

depth near 0.4 jm.

In addition to the lighted I-V data given in the table, the
I-V characteristics of selected samples were measured in the dark. In
all cases,the shunt resistance exceeded 103 Q and in most samples it
exceeded 104 Q. The average series resistance of 1-2 § was higher than
the normal:0.5 - 0.7 . A 2 { series resistance is 2-4 times higher
than desired and will depress the fill [Factor and correspondingly reduce

the efficiency.

10
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Sample #

Alloy Cond. &
Sample Ident

TABLE 2

Al Paste Alloyed BSF
(Phosphorous Diffused Front Junction; AM-1 — AR Coated)

Penetration
(um)

VO [ (V)

I

5C (mA)

FF

Eff. (%)

oCD
(usec)

15/16

18-11 .

6 min. at 850°C
FZ crystal

Al paste
painted

6 min. at 850°C
FZ crystal

Silk screened
paste

6 min. at 850°C
FZ crystal

S5ilk screened
paste

8 min. at 830°¢C
FZ crystal

Silk screened
paste

<1

U
-

5.0

.560

. 585

-580

.550

36.8

31.6

31.5

30.5

.61

.70

.64

.60

11.2

13.7

12.3

10.5

33

30



The samples painted with the Al paste showed essentially no
penetration and a correspondingly low Voc. This method of applying the
Al was tested since gilk-screening between the dendrites would have been
difficulc,

The float zone wafers with Al DBSF having Voo of 0,580 - 0.585
with effective lifetimes of 30-35 usec show operational back surface
fields. These values approach those achieved with evaporated or sputtered

AL, but the low value of the £ill factor reduces the cell efficiency.

These experiments are being repeated with Ampal 631 powder

which ds the preferred Al in process sequence given by Spectrolab.

3.1.3 Sputtered Aluminum Layer

Partly due to the nonuniformity amd to ‘the lack of reproducibility
noted in the tests with evaporated and silk-sereened aluminum, a number
of experiments were carried out using sputtered Al on the back surface.
In these trials, the phosphorous diffused web or float zone silicon
was back-sputtered for 10 minutes (to clean the surface) before 10 um of

aluminum was sputtered.

The cells were heated in an rf furnace at 800°C, 825°(, 850°C,
and 875°C in an H2 ambient. In this process, the rf generator is preset
to a power level sc that rhe sample reaches khe required temperature in
about 30 sec. When the temperature is reached (as vead by an IR pyro-
meter) the power is turned off and the sample cooled. With the
inevitable slight overshoot in temperature, the sample is probably at

the required temperature for 10-20 sec.

In general, these sputtered layers behaved well under the
drive~in conditions. Over 90% of the samples showed a complete and
uniform Al layer on the surface after the drive in. The remaining 10X

showed areas where Al did not wet the §i.

12



Table 3 shows the results of these tests. The thickness of
the regrown p+ layer increased gradually with increasing temperature.
The cell lifetime decreased slightly at the highest temperature and
limited the Voc enhancement and the efficiency. The maximum VOc occurred

at 850°C with ,588V for the FZ material and with 0.577V for the web.

The p+ layer is sufficiently thick that higher values of Voc

and efficlency would be expected. It appears that some lifetime
killing mechanism is coperating to reduce the maximum efficiency.

TABLE 3

CELL PARAMETERS - SPUTTERED AL

(12 9-cm S1)
+
Drive Temp. p thickness Matl. v Eff. TOCD(usec)

(°C) (um) & W
800 2 WEB .577  14.5 20
825 6-8 FZ .585 1l4.4 37
WEB .569 14.1 22
850 8 rZ .588 15.2 34
WEB .577  14.8 26
875 9 FZ 574 14.1 32
' 5-10 WEB .568 13.9 22

o AM-1; 100 mw/cm® ~~ AR coated
e Values given are averages of 8-10 cells

e Tired in rf heated furnace - H2

13



3.1.4 Summary of Al BSF Studies

Table 4 summarizes the most important results repoxted
in this quarter.

We have shown that surface cleanliness is dmpurtant 1f uniform
Al penetration is to he obtained. An H2 ambient during firing will leave
the residual Al suitable for contacting. Firing in 02 will badly oxidize
the Al and thus requilre secondary metallization. In the silk screened
material, firing in a partial ambient of 02 would remove more of the

volatile organics.

The purity of the Al also effects the lifetime of the cell.
The tabi: indicates variation of a factor of 2.5 in lifetime for the

various Al sources.

TABLE 4

IMPORTANT PARAMETERS - Al BSF FORMATION

o 5Silicon surface
cleanliness important for uniform penetration
¢ TFiring ambient

H2 preserves Al for contact, 02 will

completely volatize organics
¢ Al source

purity will affect lifetime

Al Source TOCD(usec)
Sputtered 37
Evaporated 40
Silk screened 16

The lifetime data was obtéined on floatzone silicon with
equal thicknesses of the p+ layer. It should be noted that the Jife-
time can be a function of base region degradation as well as performance

of the back surface field.
14



3.1.5 BSF Procasses - Costs

A preliminary cost estimate of the BST proctsses was made
earlier. These results, which include the cost of a POCl3 diffusion,

are shown in Table 5.

The cost difference in these three back surface processes is
minimal. Thus, any decision regarding the type of BSF to be used can

be made on technical grounds as opposed to cost factors.

TABLE 5
%
Value Added Costs — BSF Proccsses

BSF Process

Al Evap. Silk Screened
B-diffused + Drive Al Paste + Drive
Value Added Cost 0.048 0.040 0,035

(1975 $/peak watt)

3.2 Plasma Etching

The plasma etching process uses gas compositions, generally
CFA and O,, which are broken down inte a varilety of active species by
rf glow discharge. These species form a low temperature, highly reactive
plasma,and create volatile reaction products with surface contaminants

on the wafer. The volatile products are then pumped out of the system.

This process was Investigated as a substitute for the chemical
cleaning of the dendritic web prior to diffusion. ‘The grown web, at
the present time, comes {rom the [urnace coated with a lightly adhering
brownish oxide.** In our standard processing, a wet chemical c¢leaning

is used to remove the oxide layer and any impurities on the surface.

o
Costs include POCl3 diffusion + BSF process.

ek
It is anticipated that with further development, this oxide layer will

not occur. However, at this time a chemiecal cleaning is required.

15



In the experiments reported here, some :f the web samples were
plasma cleaned/or etched with no prior cleaning while other samples were
wiped with a HF:H20 solution, We have found that the latter is not a
sufficient pre-diffusion cleaner method aad must be followed by chelating with
8202:NH40H and H202:HCI.

Table 6 vepresents the results of these experiments. All
tests were made on a single web erystal (RE 26-5) so that valid intercom-
parisons could be made, The plasma eleaning/etrhing was done in an
LFE~301A reactor.

In Treatment 1, the as growr web with the oxide coating was
plasma cleaned for 3 min. at 200 watts rf power with 300 ce/min., of 0,.
Treatment #2 was the same as #1 except that PDE-100 (a proprietary
etching gas produced hy LFE Corpo}ation) was substituted for the oxygen.

Treatments 3 and 4 were the same as 1 and 2 except that the
web was lightly swabbed with an HF:H,0 solution to remove the loose

oxide film. Treatment #5 is our baseline cleaning process involving:

. HF/H20 swab,
Hot 1,80, soak (2 min.),

NHAOH:HZOZ:HZO chelating cleaning,

HCl:Hzoz:HZO chelating cleaning,

DI H20 rinse.

The data in Table 6 shows that Treatments 1 and 2 result in
‘cells that are much poorer than the baseline treatment (#5). The major
difference 1is in the voc’ FF and lifetime. This would indicate that
some lifetime killing impurities remained on the surface after the
plasma treatment and diffused to the junction during the high tempera-

ture processing.

Treatments #3 and #4 result in cells that are as good as the
baseline cells. It should be noted that when webs,which have only the
HI' cleaning procedure,are diffused, the results are always inferior to

the baseline cleaning process since these indicate a 2% decrease in the

' efficiency. Therefore, it can be concluded that the plasma etching

16



TABLE 6

*
PLASMA CLEAN/ETCH TEST

2 oy
Treatment Jsc(ma/cm ) Voc(V) FF  EFfE(%) Tocn(usec)

l- W(;'b - a5 grﬂwn 32-3 -502 0689 11-2 6.2
+ 3 min. plasma
clean

2. Web - as grown 34.0 514,706 12,1 7.3
+ 3 min. plasma
etech

3. Web - HF clean 33.3 .545 .743 13.3 23.0
+ 3 min. plasma
clean

4. Web - HF clean 33.3 . 541 .723 12.9 20.0
+ 3 win, plasma
etech

5. Standard web 33.2 .545 .737 13.1 24,7
cleaning process

&
Web - RE 26-52 10 $-cm; Boron BSF
AR coated

AM-1 - 100 MY/cm®

17



or cleaning of HF cleaned webs is a suitable substitute for a baseline

wet chemical cleaning.

In making a cost estimate of this procegs (IPEG methodology),
we considered an output of 25 MW/yr., Other inputs in this ealculation
were one person {on site per shift) to handle the etching and the
loading and unloading of cassettes. The electricity and cooling water
usage was estimated from the power vequirements of presently existing

plasma etch apparatus.

The capital equipment cost of a plasma ctech apparatus was
estimated to be $500K. This equipment is designed to have sufficient
throughput for the 25 MW output,and a cycle time of 5 minutes per batch
was assumed. The other capital expenditure of $20K was for cassettes,

holders, etc.

The etch and purge gas usage was calculated from equipments

currently in use.

Using these inputs a value added cost of $0,05/Watt (in 1286, 1975 §)

is obtained for this process. These data are given in Table 7.

3.3 Metallization

3.3.1 Metallization System

Aﬁ additional vacuum deposition system has been set up to increase
the throughput of metallized silicon. The system has a 4-packet electron
beam gun with a 16 inch source to substrate spacing. TFilm thicknesses
and rates are controlled with a quartz crystal monitor and Sloan rate
contreller. The thickness contrel and uniformity is expected to be
Within‘i 10% over the deposition area. Special fixturing has been de-
signed and fabricated to hold five strips (10 inches long) of silicon web
in such a manner that both sides can be metallized with 'Ti/Pd/Ag during a

single pump-down.

Figure 3 shows a photograph of the fixture mounted on its
support frame inside an 18-inch bell jar. Very high purity source

materials (titandium, palladium and silver) have been obtained ,which are

138



TABLE 7

PLASMA ETCH - COST STUDIES

IPEG Method
Output -~ 25 mw/yr

3 stations - load cassettes
etch
unload to diffusion

Costs

Labor - 1 PY
Utilities - 105 KH/yr (0.2 KWH/operating minute)

Capital - 500 K$ (estimated from scale up of existing
plasma etch equipment)

- 20Kk$ (engineering estimate of cassettes, etc.)
Commodities - 60 tanks each of etch gas and purge gas
Floor Space - 150 ft2

Value Added Cost - $0.008/watt (19865)— $0.005/Watt (1986 in 1975 §)

Cost valid for both pre-diffusion ecleaning
and photoresist stripping

19



Figure 2. Fixture uscd to Coat both sides of Silicon Web with
Ti/Pd/Ag during single pump-down

20
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vacuum melted and shaped to fit a Temescal STIH-270-2 electron beam gun
copper hearth. It is anticipated that evaporated films made froa these
materials will contain a very low level of impurities. Typical lot
analyses of these sources are shown in Table 8.

Such high purity material may not be required in a production
process., However, impurities in contacting metals have been suggested
as possibly causing cell degradation during contact sintering. There-
fore, high purity metals are needed to determine if these impurities

are a factor,

3.3.2 Contact Plating

Possible methods for lowering the cost of silicon solar cell
processing are constantly being examined. To this end,we are investipa~
ting the electroless Pd-Ni plating system as described by Motorola.
However, we are coating the Pd-Ni plated layers with clectroplated Ag
instead of dipping it into liquid solder.

In the Motorola process a dilute Pd solullon is used to sensi-
tize the silicon cell by a displacement reaction., This is followed by
an electroless Pd solution utilizing an autocatalytic reaction for plating
the Pd to the sensitized surface. After a heat treatment in nitrogen at
300°C, electroless Ni is plated onto the Pd surface. The final step in
the Motorola process however, differs from that used by Westinghouse:
in our method silver is electroplated over the Ni instead of solder over

the Ni. The plating solutions used are given in Table 9.

A number of cells were fabricated, and the contact metalliza-
tion, using the electroless Pd/Ni plus electroplated Ag system, was applied.
In these tests, the antireflection coating (a T102 and 8102 mixture) was used
as a plating mask. Data on these cells are given in Table 10, cells 1
through 7. The column "Previous Data-Std. Processing" gives the results

we obtalned on the same web crystal using our standard evaporated

TiPdAg system. These can be used to judge the effectiveness of the elec-
troless PdNi system. In all cases where there are comparative data

(cells 1, 2, 6 and 7), the cells with the electroless plating are

Inferior to the standard contacted cells. Data for the cells, after
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TABLE 8

IMPURITY LEVELS IN ELECTRMI-BEAM DEPOSITION SOURCE MATERIALS

Impurity Levels (ppm)

Source Matl. AL Sb As Ba Be Be B Cd Ca Ce Cu In Rh Au Os Ir Pd Ft Te ¥z Hg P Pb Xb Ta Ni Fe Co

Titanium

(99.972) 8 10 5 80
Palladium - i

(99.90%) 3 3 5 15 4 1 Bal. 25 4 10
Silvyer <l 1 1 1 a )

{99.999%)

N
B

Inpurity Levels (ppm)

fource MAEl  Ma Zn Ag Na K L1 Tism Mo W ¥ e O H X € Ga Ge Si Zr Te

{Contd.} — .
Titanium : 3 15 520 6% 48 10 12 Eal.
Palladium 5 5 3 10

Silver Bal. <1 1.6

{Source matls. supplied hy Varian Specialty Metals Div.)



TABLE 9

PLATING SOLUTIONS

Palladium Sensitizing Solution

1. To 1500 ml of 50°C deionized water add 50 ml HCZ and
0.04g of palladium chloride. STIR until solution.

2. Add 10 ml ammonium fluoride-stir,

Palladium Stock Solution

I. Add 10 ml of HCL and 1,9g of palladium chloride to
100 ml of 50°C deionized water - STIR.

Electroless Palladium Solution

1. Add 29 ml of palladium stock solution to 165 ml of
NH,vH. Allow to stand 1 hour and filter into
750 ml of delonized water,
2. Add 27g of NHACE and 3.75g sodium hypophosphate. STIR
3. Use solution at 50°C and a pH of 9.7-9.8,

Electroless Nickel Plating Soluticn

1. Dissolve 15g of nickel chloride in 440 ml of delonized
watel,

2. Add 25g NHCR, stir until dissolved. Add 42g sodium
cltrate, stir until dissolved. Add 5g sodium
hypophosphate and 65 ml of NH40H. Stir until dissolved.

3., Use solution at 80°C and a pH of 10.0.
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RE24=-1.4
RE24=1,4
Wal-1.5
Wll-1.5
W108~1,11

RE9-73.4
RE9-13.4
REl-1.4
RI78-4.5

TABLE 10

Pd-Ni PLATING RESULTS
Mlating Test 90322

AR Coated, AM-1

24

Previous
Data-5td. As
. Progessing 1 Plated
I Y n T v
s oc o f..s8c 0 oe
27.9 K38 12.4 28.3 L4498
27.9  .538 12.4 28.7 508
8.8 .510
20.7 448
30G.5 514
31.0 543 134 20,1 .5
31.0 543 1.4 31,1 G461
0.1 550
25,5 .525 10,7 29,6 488

.....

9,9

11.7
7.2

11.0
10.6

As
Sintored

. 400°C/15 min
1 n

JBe ol L
28.0 .50% 10.1
8.4 LELG 1003
23.6 0 511 4.7
22,0 L&h 1.7
2.7 .5 11.3
8.0 410 4.7
20.8 ,510 8.2
0.0 .55%7 11.%
28,2 ,495 11.2



sintering at 400°C for 15 min., are shown in the thivd major column.

These data are scatctervd and further testy are nceded,

As stated above, cells 1-7 using the standard Motorola process
were contacted, but the HF and aqua vegia rinses were carried
out For shorter lengths of time than suggested, since our antirefloection
coating was attacked by these chemicals. (The Motorola process usey
silicon nitvide as an antireflection coating which is generally imper-

vious to these anclds.)

After these tests, the Motorola process was modified so that
the AR coating would not he disturbed, This modified process is shown
in Table 11, and the pavameters of cells contacted with this modifiled

process are shown in Table 10, cells 8 and 9.

The data glven in this section 1s preliminavy. Although a
large pumber of cells were used in the experiment, the yield of testable
cells was small,mm no definite eonclusions can be drawm. A further

experiment Is In progress,

3.4 Ultrnsgp}gﬁﬂéldiqgﬁfor Interconnectlon

The fivst series of bonding tests wore made wlith the recently
purchased Sonobond (Model W-1060D) welder shown in Fig. 4. Metal bonding
paramoters {(fovrce, time,and power) were selected based on previous ox-
perience with a similar unit at Sonaohond Corgoration and on trial runs
on the new wmachine at Westinghouse. Gopper, aluminum and nickel ribbons
were bonded to plated silver and cvapovated silver  (Ti/Pd/Ag motal-
Lizatlon). The bonds were pull tested and the interface after ribbon
1irt-off was oxamined and photographed at 100X. The vesults are
summarized in Table 12,0 Aluminum tabs bonded to evﬁpnruted silvor gave the
liighest averape strength with the smnllest standard deviation. Copper
to evapovated silver and nickel to plated silver pave the highest hond
strenpths but poor reproducibility. An examination of the silicon
surlace (bond Interface) after 1ift-off showed that the highest bond
strongths correlated with significant ervatering., The crater aren wag

estimated, and the bond strength was caleulated based on foree per unit
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4,

10.

11,

TABLE 11

ELECTROLESS PLATING FOR Pd and Ni

Etch cells (N, +HC£4H 0) to open grid in AR coatin:; and
rinse in DI W, (Use 60/40/100: :NH,F/NC/10)

Place cells into a teflon carrier and immerse into a
palladium sensitizing solution under a hipgh Iintensity
1ight for 3 midnutes while agitating gently. (Maintain
high intensity light within 6 faches of the cells.

Rinse carrier and cells 1n running deionized water
for 5 minutes.,

Again fmmerse cells into the palladium sensitizing
solution under a high intensity light for 5 minutes while
agltating gently,

Ringe carrier and cells in running deionized water for
3 minutes.

Place carvier and ¢ells Into the electroless palladium
gsolution (50°C) Ffor 1 minute while apgitating., Ambient
light is kept low.

Rinse carrier and cells in running deionized water for
5 minutes. DRY

Place cells inte & quartz boat and insert into a quartsz
tube furnace at 300°C wvite a N, flow for half hour. Cool.

Placa cells back into carrier and immerse into a
electroless nickel plating solution at 80°C fer 5 minutes
while agitating.

Remove carrier and cells from the nickel solution and
rinse in running delonized water for 5 minutes.

Plate sillver electrolytically.
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90° Peel Test

TABLE 12

RESULTS OF BOND TESTS
(SONOBOND W-10600 Welder)

Bond Parameters

_ ‘Average MAX Power TForce Time Interface
Ribbon to Metal Surface {(Grams)  Std. Dev. (MIN) (Watts) (02) (Sec.) 1Inspection
Copper (2 mil) - 32 57 118(0) 26 30 3 Cratering of Silicon
Plated Ag (Concoidal fracture
= High Str. Bonds)
Copper (2 mil) - 109 73 181(14) 18 18 Cratering of Silicon
- Evap. Ag (Concoidal Fracture
= High Str. Bonds
Aluminum (1.5 mil) - 36 15 64(16) 18 18 N1 —
Plated Ag
Aluminum (1.5 @il) - i 43 18 72(11) 17 21 .07 Cratering of Silicon
Evap. Ag : (Matte Texture in
Fracture Area)
Nickel (1.5 mil) - 94 133 188(0) 26 30 3 Cratering of Silicon
Plated Ag (Concoidal fracture

= High Str. Bonds)



area. Values ranging from 1000 teo 3000 psi were typical. As 1s evident
from these data, further tests are needed. The investigations revealed
that the lack of reproducibility appeared to be the most significant

problem which could have been the result of several factors:

¢ poor metallization adherence due to surface contamination
e movement or resonances in the silicon or metal tab during
bonding (variations in energy coupling at the bond interface),

e room and table vibrations.

A second and more extensive group of bond tests, with copper
and nickel ribbon ultrasonically welded to plated silver, have Dbeen
completed. Bonds were made or attempted over a wide range of clamping
forces, power, and weld time settings on the Sonobond unit., The objec-
tive of these tests was to determine the range of variables over which
good bonds could be achieved and to identify those factors which contri-~

buted to bond strengith variability in the first test series.

The 4 x 4 clamping force-power matrix in Fig. 5 shows the
shaded area where bonds were observed for 1.5 mil thick copper riblon
to 4 um thick electroplated Ag with an evaporated Ti/Pd underlayer.

The weld time in this matrix was 1.2 seconds. The metallized cells
used in these tests did not receive any post-deposition sintering since
previcus data showed that, on occasion, the sintering step resulted in
some loss of cell eflficiency. A similar 4 x 4 clamping force-power
matrix was evaluated for shorter weld times (0.035, 0.10, and 0.2
seconds). No bonds were made at these time intervals for copper ribbon
to plated silver, even at the highest force (38 oz) and power (30 watt)
levels. A total of 48 trials were made (5 bond attempts at each

pover-force setting).

A similar series of tests were run for 2 mil thick high puricy
(> 99.99%) nickel ribbeon to plated siiver—metallized silicon web cells.
CGood bonds were observed in the shaded area of the 4 x 4 matrix (1.2

second weld times) shown in TFig. 6. Note that bonds were made at lower

clamping forces (8 to 18 ozs.) compared to 24 to 38 oz. f[or copper ribbon

(Fig. 5). The nickel ribbon welded at higher clamping forces adhered to

the bonding tool tip rather than the cell.
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Cu to PLATED Ag (T = 1.2 sec)

B NB NB NB NB
. . 18 NB NB //:/ﬂg_
amping :///
F . r
B ale | //47//
12 20 25 30
POWER
(Watts)

Shaded area - bonds made

- no bonding

Fig. 5. 4 x 4 clamping force - power matrix for copper
ribbon ultrasonically welded to plated silver
(1.2 second weld time)
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Ni to PLATED Ag (T = 1.2 sec)

o VA//J%%
2o I

38 NB* Np* NB* NB*
12 20 25 30
POWER
(Watts)

Shaded area - bonds made
NB - no bonding
NB* - Ni bonded to weld tip

Fig. 6. & x 4 clamping force - power matrix for nickel
ribbon ultrasonically welded tn plated silver
(1.2 second weld time)
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Table 13 shows the 90° pull-strength data for copper ribbon
bonded to plated silver. The strength of 18 bonds was measured at the
clamping force-power settings shown in the table. The overall average
bond strength was 139 grams. An examination of the bond areas on the sub-
strate and ribbon after the pull.test showed that most failures occurred
in the copper ribbon rather than at the metallization-substrate inter-
face. Typically, a small section of the ribbon was pulled-out and this
section remained attached to the cell. The photemicrographs in
Fig. 7 show the effect for two different copper to plated silver test

specimens.

The bond strength data for nickel ribbon in Table 14 shows
considerably more scatter than the vesults for copper ribbon, and the
overall average strength is lower for 26 bonds (44 grams)., Figure 8
shows a photomicrograph of the bond area on the cell for a high
strength specimen (181l grams). A emall piece of the nickel ribbon is
still attached to the substrate. The hond area on the substrate for a
lower strength specimen (22.7 grams) is shown in Fig. 9. The photomicrographs
show.that about one half of one bond area has a mirror-like surface
(exposed silicon substrate) where the metallization was pulled away
with the ribbon. The other half of the bond area containing a small
section of the silicon cell pulled out, indicates that a metal-
lurgical type bond was made in this area. These effects are typical

for all of the bonds that were inspected at high magnification.

On the basis of these data and observations, it appears that
the limiting failure mode is at the Ti/Pd/Ag-silicon substrate interface.
High strength bonds would be more likely to be achieved with less
variabilities and over a wider range of welding variables if the Ti/Pd/Ag
idherence can be improved. This could be accomplished by post-deposition
sintering or by sputter cleaning and/or sputter disposition of Ti/Pd/Ag.
It is reasdnable to assume that the energy inﬁroduced during ultrasonic
bonding can result in appreciable localized heating in the bond area. The
transient temperatures reached as a result of frictional heating especially
at high power levels, high clamping forces, and long weld times are

likely to exceed 500°C. A metallurgical bond is then made by a thermo-
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TABLE 13

90° PEEL TEST DATA
1.5 MIL COPPER RIBBON BONDED TO PLATED SILVER (4u)

90° Peel Strength

Clamping
Power Force Average Std. Bonds
{(Warts) (0Z) {Grams) Dev. Max. Min. Tested Failure Mode
12 38 5 2 7.0 2.0 3 All metal ribbon -
Metallization interface
20 38 189 28 209 169 2 Metal ribbon
25 38 19 — - — 1 -
24 232 50 268 196 2 Metal Ritbtbon
30 38 149 117 331 0 8 Metal ribbon and 8i Pull-outs
24 218 11 223 209 2 Metal Ribbon
Average
" (ALl Bonds) 139 109 331 8] 18



Specimen #1 (100X)

Copper Ribbon Substrate

Failed @ 69 grams

Failed at 69 grams
(note plece of ribbon
attached to substrate)

Specimen #2 (100X)

Hole pulled out of center of
copper ribbon
Failed at 223 grams

Fig. 7 Photomicrographs of failed bond areas for two different
copper ribbon to plated silver test specimens
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TABLE 14

90° PULL TEST DATA
2 MIL NICKEL RIBBON BONDED TG PLATED SILVER (4u)

90° Peel Strength

Clamping
Power Force Average std. Bonds
{(Watts) (0Z) {(Grams) Dev. Max. Min. Tested Failure
12 105 121 191 19 2 -
18 4 2 5 2 2 _
20 18 &7 37 100 9 6 Data scatter due to
metallization failure (Fig. 9)
8 25 35 50 0 2 -
25 18 96 69 181 23 5 Data scatter due to
metallization failure (Fig. 9)
8 18 16 32 0 3 -
30 18 15 13 26 0 3 ——
3 5 i 7 5 3 -

Average
(All Bonds) 44 35 191 0 26



Substrate Bond Area (100X)

_'\:'ll .-- v L . N 4 : i- :

A S Wi ALSp &y E;ﬂ]ﬁgab
Failed at 181 Grams

(Note Piece of Ribbon Attached to Substrate)

Figure 8. Photomicrograph of the Bond Area on the Substrate
for a High Strength Bond (Nickel Ribbon).
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Subscrate Bond Area (100X)

Failed at 23 Grams
(Note Mirror Surface and Crater Pull-Out)

Figure 9. Photomicrograph of the Bond Area on the Substrate
for a Low Strength Bond (Nickel Ribbon).
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compression mechanism. Copper ribbou "onds were strong only ot high
energy levels and ne bonds were made at lower levels of enerpgy. This
would indicate that some form of metallization sintering took place
during bonding. Nickel ribbon bonds were lormed at low levels of energies
but bond strengths were variable. This effect may be the result of
localized differences in T1/Pd/Ag adherence possibly induced during
bonding.

3.5 Mask Desipn
One ol the program objectives was to design a more efficient
metallization grid pattern, That is, a grid pattern which collects the

largest amount of current from the cell,

To derive the best grid configuration, the various loss mechanisms
in the cell must be consddeved and their sum minimized, 7The grid paﬁtern
considered iIn these calculations is a series of straight lines emanating
from a central pad at specific angles of a 1 cm long by "h" cm wide cell.
The angles were chosen to give equal area sectors between the grid lines

and the wminimization discussed below was enrried out only an this peometry.
The ohmic losses and the active area losses considered werve:
1. sheet resistivity of the diffused surface layer,
2. vresistivity of the grid fingers (assumed 10 um high),

3. current lass due to active area of cell being covered

by the grid finger, and

4. the incerface resistancebetween the silicon and the wmetal

contact.

To determine a minimum loss, the effect of these loss mechanisms
were then integrated (by sectional integration) over the equal arca
sectors and minimized.

The first calculation determined the optimum number of grid
finners for a given finger width and for 1.6 em and 2.5 om wide cells.

In thig calculation, it 1s assumed that the grid pattern repeats every

one cm; therefore, the results are valid for cells of any length.
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Table 15 shows the results of this calculation for 25 pm and
50 um finger widths., The term nfno 1s the ratio of the efflelency of

the given prid configuration to a no loss configuration.

These indicate that for either the 1 mil or 2 mil finger width,

four to five fingers are required per half cell,

Tt is dnstructive to determine the effect of the cell width on
the normnlized efficiency, n/no.* The caleulakion was carvied for cells
from L cm to 10 cm wide and for finper widths from 5 Wi to 200 pm. This
data 1s shown In Fig. 10. One factor to be noted is that there is a
distinct penalty in efficiency dncurred when wider cells are used,
especially with narrow grid fingers. TFor the wider grid Fingers (100 -
200 pm) this penalty is minimal up to a 4 cm wide cell. However, for
the thinner grid fingevs (25 - 50 pm), the difference between a 1 cm

wide cell and a 4 cm wide cell is significant.

An implicit result of the data in Flg. 10 dis that for higher
ef[iclency cells, the grid finger width niust be as small as possible,
and no more than 50 pm wide. Such widths are attainable only by photo-
lithographisz techniques. The additional cost of thig method (if any)
must he considered in a trade-off with decreased cell efficiency when

using wider grid fingers.

A new mask, ipcorporating the new pattern is now bheing pre-
pared. 1.6 and 2.5 em wide masks with grid fingers of 25 um and 50 pm

are being fabricated.

Ny is defined as the eofficiency of the cell when all ohmiec and active
area losscs ave zero,
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TABLE 15

OPTIMUM NUMBER OF GRID FINGERS AT GIVEN
FINGER WIDTH FOR 1.6 cm AND 2.0 cm WIDE CELLS

Cell Width = 1.6 cm Cell Width = 2.0 cm
n/no # Fingers Width of n/no # Fingers Width of
Fingers Fingers
(um) (um)
.970 4 25 .959 3 25
.970 5 25 . 964 4 5
.969 6 25 . 964 5 25
.958 4 50 'J . 964 6 2
.965 5 50 .963 7 25
. 948 6 50 .961 8 25
. 954 3 50
. 954 4 50
.950 5 50
. 945 6 50
. 940 7 50
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4. CONCLUSIONS

Evaporation, silk.sereening and sputtering have been used to
apply Al to the back surface of the solar cells. The sputtered layers
show the most royroducible behavior when alloyed in to form a back
surface [ield. The sputtered layers wet the Si surface more uniformly

during the alloying and give uniform penetration.

Plasma etching of dendritic web silicon has been shown to be
a suitable substitute for pre-diffusion wet chemical cleaning. Results
equal to base line processing were obtained using either oxygen or a
proprietary etching gas. It was found necessavy, however, to remove

loosely adhering oxides wilth HF before the etching process.

It has been shown that the electroless plating of Pd and Ni
can be incorporated into our process sequence. Minor modificacions ave
required in the process specified by Motorola since our dip applied
antiveflection coating is attacked by the cleaning acids, The anti~

reflection coating does act as a plating mask during the process.

Ultrasonic welding tests of copper and wnickel ribbon to elec-
troplated Ag show the major failure made is at the TiPdAp~Si interface.
Average pull strengths of 139 gm and 44 gm were measured for copper and
nickel respectively. Although these bonds are presumably adequate for |
manufacturing, the bond strength ecould be improved if the adherence of

the TiPdAg could be improved.
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5. PROGRAM STATUS

5.1 Present Status

We havz completed the experimental work on plasma etching and
a value added cost using the IPEG method has been obtained. A complete
SAMICS cost will be obtained in the next period.

Thus far, alloyed in sputtered Al has given the most satis-
factory back surface field structure data on silk screened samples using

"AMPAL" Al powder was delayed until all materials were available.

Verification tests of the ultrasonic welding technique indicates

that some contact sintering may be desgirable.

5.2 TFuture Work

The entire SAMICS input for our process sequence is being re-
worked. The inputs are being verified and where required, changed. Once
the baseline sequence is yun, a number of iterations of back surface field

costs, plasma etch costs, effect of web width, ete. will be studied.

Further tests will be made on the electroless Pd/Ni plus electro-
plated Cu system. These tests, together with a cost study, should indicate

their cost effectiveness for the processing sequence.

"During the next quarter, initlal panel fabrication will start.
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