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I. SUMMARY

A number of recent innovations in cell technology were evaluated and
those which were mutually compatible were combined to produce 2 x 2 em
nominal 0.20 mm thick 10 ohmecm silicon celleg with AMO conversion efficlences
as high as thirteen percent.

Tmprovement in cell collectlon efficleney from both the short snd
long wavelength reglon of the solar spectrum was obtained by coupling &
shallow Junctlon and a more optically transparent antireflection coating
(Ta 0.) with back surface field (BSF) technology. In addition, improvements
werg échieved in the open circult voltage and £ill factor from the back
surface field and & refined grid structure.

Attempts to incorporate a new contact material (Ag-As) yielded
marginel results, thus forcing us to employ the passivated silver-titanium
contact system used for space flight cells. Some 0.20 mm wraparound cellg .
using the new technology were produced and they had AMO efficlency values as
high es 11.7 percent, although the typical fill factor was comparatively

"low due to loss of back contact area and the relatively high (10 ohm-em) bage
meterial used on this program.

_ A pilot run of high efficiency BSF cells, both conventional and
wraparound, were produced; and they successfully passed a varlety of typleal
space qualification environmental tests, :



II. INTRODUCTION

In the past two years, s number(ff ew innovations in silicon solar
cell technology have been demonstrated. However, since the work in most
cases had been performed by personnel more oriented towards the fundameatal
agpects of photovoltaic research and development, 1t was not known if these -
innovations could be adapted to the more pregmetic environment of cell
manufacturing.

The purpcse of this contract was to evaluate selected aspects of the
new technology end to combine those found to be useful and compatible in
order to produce & high efficiency cell that could be manufactured by
baglcally conventionel processes. The original geoal of thls effort was to
produce & 0.15 mm thick, 2 cm x 2 cm, n on p cell of 10 ohm-cm base
resigtivity which would have an AMO conversion efficlency of 13.5 percent.
Equally important, this cell would be capable of meeting the standsrd tests
for space qualification.

Basically three innovations were evaluated: a more shallow junction
which would enhance the short wavelength response of the cell, the use of a
back fleld to inecrease the open clrcult voltage and lmprove the long wave-
length response of the cell, especially important for thin (0.10 = 0,20 mm)
cells, and wrapsround contact cell configurations which would dramatically
reduce both cost and complexity in fabricating panels.

‘A shallow Junction automatically requlred other changes to be made in
cell procesging. BSince g thinner junction caused higher sheet resistence, 1t
was necessery to develop 8 more refined contact configurstion to compensate
~ for the increased unit path resistance. The shallow junctlon increased the
ghort wevelength response signiflcantly, thus meking the conventionel
gilicon monoxide antireflection costing obscolete because of its high
mrbsorption of light in the region of the spectrum below 6000°A. Therefore,
it was necessary to develop an alternate antireflectior coating (Ta,.0.) which
- we8 more transparent in the short wavelength region of the cell's rgsgonle
curve,

In addition, the shallow Junction forced a reconsideration o f the
conventional silver-titanium contact system because it was feared that
the necessary post contacting heat treatments that are done in conventional
cell processing would cause degradation of the thinner Junction due to
impurities migrating from the titanium.

Once the basic processes for fabricating improved efficiency solar
cells were derived, a run of 250 cells was made under controlled conditions.
A sampling of these cells was subjected to the typical environmental tests
that conventional space flight cells must pass. The results indicate that it
is posslble to manufacture a space qualified high efficiency cell under
typleal production conditions.



I1I, ADVANCED CELL ELEMENTS

A. Shallow Junetion

The shallow Junction study was judeged to be one of the critical areas
for investlgation and consequently waas the Plret examined in this program. The
goaln of thin study ineluded 1) obtaining short cireult currents (AMO) before
AR coeting at least 2.5 mA/ch greater than those of conventional diffused
cells, and 2) compatibility with all other agpects of cell fabrication
developed in this program.

All diffusions were made using the conventional production methods.
The asource of phosphorcus is phosphine (PH3) gas which is carried in =
mixture of nltrogen and oxygen. Once thls mixture enters the heat zZone of the
furnace, & reaction takes place between. the phosphine and oxygen which ylelds
phosphorous pentoxide (Py0s). This compound reacts with the silicon wafer to
form & phosphorous doped source gless. This method of diffusion effectively
eliminates the problems that were caused when phosphorous pentoxide was used as
the origlnal source. Normally Péos reacts very easlly with water vapor toc form
contaminating byproducts which cause nonreproducible diffusions. By creating
the FpOg'1n the heated zone of the furnace these problems are eliminated while
the weli understood PEOS mechanism for dopihg is retained.

Diffusion temperatures from 800 to 900°C coupled with diffusion times
from 10 to 40 minutes ylelded & matrix of sheet resistances shown in Table 1.
Sheet realstances renged from 25 to 300 ohms/B. All diffusions were con-
ducted with groups of ten 0,30 mm thick .10 ohm cm 2 x 2 em wafers, which
were then fabricated into cells for electrical performesnce eveluation,
conslsting of short circult current and spectral response. A normal grid
- configuration consisting of twelve 0.1 mm wide Ag-Ti grids wes used for all
cells, This was felt to offer a reasonable compromise for the wide variation
of sheet resistances that were obtained. Only back contects were gintered in
order to avoid degradation of the very shell front Junctions which would
degrade the curve shape enough to affect the true spectral response and
short cireuwit current data. The results obtained from the electrical tests
are shovn in Table 2. Short circuit current values (Ig.) are based on
measurements using e Spectrolad Model X-25 Spectrosun” solar simulator.
The spectral response meesurements were~obtained with an equal energy
calibrated filter wheel. The spectral data presented in Teble 2 is in terms
of a blue ratio (BR), which 1s the ratio of the measurement st .45 pM to
that at .85 MM, the peak response, and also ms a relative responee value
at .45 WM. The dlue ratioc relstes the short wavelength response to
material lifetime and thickness whereas the latter number relates the
short wavelength response to guantum efficiency and active aresa. BRoth
numbers are used in examining the shellow diffusion characteristics to
exclude any anomolous results due to, for example, oversize or undersize
_ &rid lines, or wafer chips. For example, if two cells were fabricated
ldentically, differing however in active area, (due to chips or wide grid
lines) the response at 45 uM would differ in proportion t¢ the ares
difference., However, the BR would be the same for both cells. Simiterly
an unusuelly thick or thin cell would produce a change in BR and short
elrcult current without affecting the .45 uM response, :



Table 1

Diffused Reglon Sheet Resistance (ohms/g ) versus

Diffusion Temperature and Time

Temperature ' Time (min.) | Time (min.) Time (min.)
X0 20 Lo
900°C 38.0 25 -
8s50°C | n 55 -39
825°C 134 88 58
© 800°C 312 | 177 111




Table 2

Cell Characteristics versus Diffusion Temperature

Sched. (min.)

Warmup~ _ Relative

Temperature Deposition- Ps Blue Ratio Response

AE°C) Drive in {ohms/square ) Iz (mA) (.45 uM) at . L4suM
900 Bm5a5 38.0 102.1 .48 335
_900 5-15-5 : 2h.5 97 a2 280
850 5-5-5 8k.o 108 .57 405
850 o=15-5 55,4 105 .01 375
850 5-35-5 39 - 101.8 L h6 325
825 5-5-5 13k 108 | 59 418
8gs 5-15-5 87 108. 4 .56 400
g8es 5-35-5 ; 58 . 107 52 375
800 5-5-5 312 107.9 .58 410
- 800 5~15-5 177 108, 1 .59 420
800 5=-35-5 111 107. 4 555 Los



The short wavelength égsponse is obgerved to rapidly increase with
sheet resistance (p5) up to a value of approximately 130 ohms/m, increase
slovly to & value of 200 ohms/, and then essentially plateau at higher values
of pse Flgure 1 showa the cell I;. 88 a function of pge Furthermore,. no
particular correlation to the diffusion temperature was observed. The junction
electrical characteristics, ineofar as measurement accuracy allowed, were
totally dependent on the diffused vegion sheet resistance for the range examined,
regerdless of the diffusion parameters used to obtain the sheet resistence,

. 45 8 gecond check on characteristica of the diffused reglon, a seguence
of diffusions was conducted at 800°C examining the impact of the ratio of

- deposition to drive-in times, &g 1t was varied from 1:3 to 3:1. Inasmuch as
theory might indicate & different impurity distribution in the diffused layer
for the two situations, i.e, Gausslan &nd inverse error function, it would be
‘informative to see if any electrical differences could be noted. Again, no
particular relatlonship was observed beyond & slight difference in ps, a8
expected. As shown in Table 3, - cell characteristics are quite similar
with the only differences being attrilutable to long wavelength response
differences. Additionally & number of wafers with relatively deep diffusions
{ 9g= b0 ohms/ ) were etched to remove various amounts of diffused region so
that final pg values varled from 80 to 150 ohms/y . . When fabricated into
cells, they showed precise agreement with corresponding cells (1.e. same ps)
produced directly through normal diffusion.

: Consequently, all experimental evidence pointed to a strict correlation
between diffused region electrical characteristics and sheet resistance over
the range of variasbles examined. TFor sll practical rurposes this range covers
the limits of usefulness for nhigh volume diffusion processing, i.e. higher
temperatures would reduce diffusion uniformity while lower temperatures would
geverely limit cell production. '

The results indicate that for a typical (.30 mm thick 10 ohm cm cell,
an optimum BR of .59 to .60 can be achieved for & pg range of 100-1T5 ohms/o,
Lower wvalues of pswill reduce short wavelength response and higher velues,
although showing no appreciable short wavelengbh response gain, result in
Junctions easily degraded during typical post diffusion heat treatments.

With pg <175 obms/@ it is possible to weld and solder cells without severe
degradation. Furthermore, based on X-25 solar simulator measurements an

Igc increase of approximately 2 mA/cm? over conventional bare cells was
cbaerved at pg = 175 ohms/@. However, the X-25 is considered to be
alightly short wavelength deficient when compared to the AMO spectrum and
tests with a pulsed xenon simulator show greater increases. Therefore,

2 mA/cm2 is taken ms a conservative estimate of the gain obtalned from

a shallow diffusion.
o Although the shallow junction optimization was conducted during the
earlier portion of the program, an additional filter pogition was calibrated
at .huM on the Hellotek filter wheel using data supplied by NASA/Lewis and
elthough remeasurements of the earlier fabricated cells at this position
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Table 3

Impect of Deposition-Drive In Time Ratio
on Junction Electrical Output

Sched. (min.)

Temperature Deposition- of:] Blue Ratio Relatlive Response
(°¢) Drive in  (ohme/square) (45 M) at 45 uM
850 o=15 . 81 .55 390
850 10-10 .70 .55 - oo
850 15-5 65 53 390
az5 5-15 - 110 .58 Lap
8es 10-10 o6 .56 390
825 15-5 99 .56 L1o
800 5-15 . 194 + 295 kes
8o0 10-10 175 .59 Yo
800 15-5 180 .59 h1e



substantiated the above conclusions, it was noted that the responge incresse
at .4uM was as great as 35 percent, compared to the 20-25 percent enhancement
at .LSuM. A typical optimized cell response in shown in Figure 2
compared to a conventional cell. Although the magnitude of the response

at .LuM might be somewhat in error, percentage increases are considered
accurate. The impact of the diffusion depth can be observed even at g
vavelength of < TuMe . 75uM, although substantially reduced,

B. Contaect System

] Since very shallow Junctions are susceptible to degradation from

fagt diffusing impurities that originate in the titanium "glue" layer of the
silver-titanium system})work on g replacement contact system was undertsken.
The basic problem that must be solved involves the titanium component of the
basic space qualified contact system; and thus our efforts contcentrated on
substituting another metsl for titanium while retaining the high conduetion
component, silver, of the present contaoct. o :

Although sluminum ie a shallow acceptor in silicon, its thermodynamlcs
are such that it wes & potential candidate to replace titenium. Aluminum will
alloy with silicon at temperatures sbove 577°C, but the amount of silicon
taken up in this reaction is a striet function of the amount of aluminum
available. Thus very smell smounts of aluminum, in principle, can be alloyed
into the Junction without shorting the cell., This is due to the faect that the
maximum solubility of aluminum acceptors in the regrowth region will be at
least an order of megnitude below the concentration of phosphorous donors
provided the penetration depth 1s less than half of the Junction depth.

Aluminum if alloyed slightly into silicon would form a strong bond.
-Sllver alloys readily with aluminum at temperatures as low as 150°C and at =
temperature of| 550°C will form an alloy that is roughly twenty (20) atomic
percent sllver,’/thus forming = strong bond between the aluminum ang the
silver. Therefore, if an aluminum silver composite were deposited on silicon
and subsequently heated to 575-600°C the two alloys would be formed so that an
adherent bond between the silicon and the silver would be formed by means of
the 51-Al and Al-Ag alloys. '

Small amounts of high burity aluminum were evaporated from a tungsten
coil onto cells and then a deposition of production guallty silver was made
from & tantalum dimple boat that wag heated separately. Since we did not have
& thickness monitor available, an extrapolation was made from previous daste on
aluminum weight and deposition thickness measured, to derive the amount of o
aluminum necessary to yleld deposition thicknesses in the order of 500 to 1000A.
Bilver thicknesses of between three and five microns were typically deposited
over the aluminum,

Upon removal from the vacuum system, 1t was found that the silver was
peeling from the cells. In some cases this peeling 41d not cceur
immedlately but took place over a period of five to ten minutes gfter removal
from vacuum. It was suggested that the delay between the aluminum and silver
depositions was allowing a thin leyer of contaminants to form on the aluminum
thus preventing the silver from adhering. Attempts were made to decrease this
and the results were better, but still not acceptable. '
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- Rather than continue with this vwork, we decided to retain the
conventional silver-titanium system, but to eliminate sintering of the front
contact. Naturally this made cell fabrication slightly cumbersome due to the
requirement of' performing two separate depositions, but it mllowed the other
phases of the program to Progress. UOSince the cells were %o be gsolderless,
palladium was used to passivate the contact egainst humidity induced
degradation. :

It should be mentioned at this point that there is some controversy
concerning the funetion of sintering. From our experience we have concluded
that sintering is only hecessary for improvement of the electrical
characterlistics of the cell, although there have been claims that this process
8lso improves contact adnerence. Al1l cells fabricated for this program
successfully passed standard tape peel tests. In addition, some number were
soldered and the contact pull strength was determined to be above typlecal
requirements (SOO_Sms). There was no significant difference in pull strength
between the unsintered front and the sintered back contact.

C. Contact Configurastion

The basic contact configurstion for golar cells consists of & number
of narrow gridlines {(# .35 mm wide) running from the edge of the cell to g
collector bar located at the opposite edge. The dimensions of the collector
bar are determined by the particular interconnects that are to be used in
assembling the cell into a panel; typleally the ¢collector bar is from .90 to
1.25 mm in width and runs the length of the cell. For g typlecal 2 x 2 cm
production cell, the contact sres covers approximately ten (10) percent of the
active surface.

The spacing and number of gridlines is determined by many design
parameters such as the sheet resistance of the diffused layer, the base
resistivity of the cell, the load point reguired and the conductivity and
thickness of the contact materiel itself, A number of theoretical analyses
~have been mede of this design rroblem, snd g? adopted the work of Wolf in
order to develop an optimized grid pattern.”’

The key design parameter.is the sheet resistance of the diffused layer;
and as the resistance increases, the spacing between grids must decrease in
order to avold a significant increase in the serles resistance of the cell. The
power curve of the cell is significantly influenced by series resistance,
becoming more rectanguler as series resistance is reduced. However, as the
spacing between gridlines is reduced, the amount of active areas covered by the
increasing number of gridlines tends to compromigse the cell's performance.

To avoid a reduction in active area, 1t is necessary to reduce the
wildth of the gridlines. However, it now becomes important that the contact
metallization thickness be increased to avold introducing additional series
resistance from the contact configuration. Thus the design and implementation
of a more refined contact configuration becomes & very. practical problem in
mask design.
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For the sheet resistasnce range we were congldering, namely 100 to
200 ohms/p , the analysis showed that Ffourteen (14) to eighteen (18) equally
spaced lines would provide a minimum in series resistance. If the lines were
to be of normal width (.15 mm), over twelve (12) percent of the cell active area
vould be lost. According to the analysis, it is only necessary to have lines
-03 mm wide provided that the silver thickness was at least 2.5uM thick.

Conventlonal solar cell grid finper fabrication consists of vacuum
evaporation of contact materimls through metal masks onto the solar cells. The
masks are formed by photo-etching thin (75uM) stainless steel foil with the
desired grid pattern. Although this process involves & minimum number of steps
and is readily applicable to high volume, the use of such maske for forming
narrov gride is limited to a minimum width of .10 mm, considerably larger than
the calculated optimum grid width. The restriction to rather large dimensions
1e due to the isotropic etching of the metal, which restricts minimum width to
the sum of metal thickness and photomask opening size. For the thinnest
practical metals this limit is Q.1 mm.

. There are two possible methods of obtaining line widths less than
0.1 mm; photoresist and bimetallic masks. The former approach was not
considered because the process is relatively complicated and, therefore, in
violation of the contract goal which was to develop a cell that could be
febricated 1in quantity under typical manufecturing conditions. .

Coneequently, a modified form of the original metal masking technique,
a bimetallic mask, was enployed. The bimetallic mask consists of a sandwlch of
nickel {5pM thick), beryllium copper, (175uM thick) and nickel (5uM thick).
One side of the sheet i1s selected to be the finlshed surface; l.e., the surface
which will be against the solar cell during the contmct deposition. On this
side the desired grid pattern is photo-etched using dimensional tolerances of
5uM or better. A4s a minimum, & grid width of .025 mm can be etched. The :
desired grid pattern is slso etched out on the side opposite the finished slde,
elthough the etched pattern is larger with more generous tolerances. In cross
section, then, the etched regzions appear V shaped, with the small opening on the
Tinished surface, and the wide opening on the side opposite. Consequently,
when placed in the vacuum chamber, the large openings will face the gsource,
allowing the evaporating metal to reach the small openings on the finighed side,
and go through to the cell. In this manner the finished surface becomes & thin
mask, with the advantage of narrow grid definition, and the remairning portion
of the mask is used primarily for mechanical support,

Figure 3 shows a bimetallic mssk assembly consisting of the
bimetallic mask, the mask support frame, and the cell holder frame. Varioug
configurations were designed and purchased. Masks with twelve (12), fourteen
(14) and eighteen (18) gridlines were used. To conserve active ares, the
collector bar was reduced from a 0.1 mm to a 0.05 mm width. The majority of
the cells that were fabricated for delivery used masks that had elghteen (18)
equally spaced 50uM wide gridlines connected to a 0.05 mm wide collector bar.
This gave a total active ares of 3.73 cm® on the 2 x 2 em cells used on this
program. ‘

12



Figure 3. Bimetallic Mask Assembly (Top-cell holder frame;
middle-bimetallic mask; bottom-mask support frame)
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The bimetallic masks allow normal manufacturing contact evaporation
processes to be used. As with moat Innovations, there are a number of new
provlems. The gridline openings tend to fill up with silver more rapidly
because of thelr narrow width, and this requires more frequent cleaening. The
nickel overcoat is more easlly damaged in handling and cleaning, resulting in s
shorter useful lifetime. However, these problems are not insoluble; and it can
be sald that this type of mask does allow shallow Junction cells to be
manufactored in volume using conventional processes.

D. Fabricastion and Evaluatlion of Back Surface Field {BSF) Cells

The goal of this phase of the program was to reproducibly achieve cells
with open circuit voltages (Vo) of .58 V mintimum using .150 mm thick
10 ohm-cm n/p cells, The BSF would be formed using boron as the dopant.

The initial boron BSF work was based on our earlier work wig boron
trichloride (BCl3) for manufacturing P/N 1ithium doped solar cells.” ’However,
diffusion times ang temperatures were increased to provide greater penetration
slnce previous work on aluminum BSF cells had indicated an increased cell output
with increased field depth. Diffusion temperatures were 1050°C and 1100°C with
time varied from 90 minutes to 120 minutes. The ghallowest diffugion thus
obtained had ps = 9 ohms/D » 88 measured on N-type surrogates included with the
+150 mm thick P-type semples. The deepest diffusion showed a s = 4.5 ohms/y .

The N-type samples were then angle lapped and stained; and by using
optical interference techniques, the diffusion depth was found to vary from
0.9 um for the ps = 9 ohm/D wafers to 1.5 um for the ps = 4.5 ohms/D wafers.
At this time these depths were felt %o be sufficlent for BSF work and the P-type
wafers were fabricated into cells 1n the following menner:

layer from one side of the wvafer in order to properly form the junction by a
subsequent phosphorous diffusion, The predetermined P+ slde is masked and the
wafer 1s dipped in hydrofluoric acld for 30 seconds, then immersed in 3-1-2
(HNOs-HFLCH COOH) acid, followed by a quench in deionized water. The 3-1-2
Immersion t%me 1s determined by the amount of materlal to be removed and acid
temperature, so consequently etched wafere are tested with & hot point probe in
order to establish an etch time for & particular boron diffusion lot. Normally
& few minutes 1is sufficient. :

Following the etehing, the masking is removed and the wafers are given a
phosphorous diffusion. The boron diffusion glass residue on the P+ side 1s then
removed and cell fabrication is completed in the normal fashion.

Initial cell performances were poor, with V,. on the order of 550-560 nv,

compared to 540 mV for non-BSF control cells of a similar thickness, Furthermore,
severe breskage occurred with the -15 mm thick wafers during fabrication.

14



The combination of thin cells (down to .125 mm) and the additional
boron BSF fabrication steps proved to be quite unwieldy. Consequently, the

wafer size was Increassed slightly to .20 mm, yielding & much higher number of
finished cells.

Since 1t was likely that lack of process control, especially in
masking and etchlng, was the main cause of the unexpectedly low values of Vocs
elternate methods for processing boron BSF cells were examlned.

Masking techniques using wax and tapes were compared. The waxes were
found to be unsuitable not only because theilr use required much handling, but
- also because of wex leakageé around the cell edge. This led to the occurence of
small unetched regions on the wafer face which would remain P+ after the
Junction diffusion. Then, with subsequent contacting, these regions would
cause severe device leakage if bridged by the N+ contmct. In contrast, the
tape technique produced a cleanly etched surface with some slight undercutting
on the P+ rear surface. However, with subsequent edge etching these thin,
undercut areas (N+ following the N+ diffusion) would be totally isolasted

electrically. Consequently, although still cumbersome, the tape masking
method was retained. :

A second major febrication problem involved the glassy-like boron
oxide/nitride layer formed during the initial diffusion. It was found
necessary to have a thick durable leyer which would later protect the boron
diffusion reglon during the phosphorous diffusion. However, 1t was also
necessary thet this leyer be etched off one side readily without causing
non-uniform etching (staining) of the silicon in the step prior to the N+
diffusion. Finally, it was necessary that this layer be removeble after
the N+ diffusion to allow for contacting without affecting the N+ diffusion.

Obtaining such a boron "glass" layer required altering the boron
trichloride, oxygen and nitrogen flow rates for each temperature range used,
Since actual flow rates are highly dependent on the particular furnace
temperature profile, tube size, diffusant time and wafer location, only the
following generalizations will be made. Excessively high oxygen levels were
found to produce easily etched boron layers which would net hold back the
phogphorous diffusant, and excessively low oxygen flow rates led to the
bulld-up of extremely durable boron glass layers which, although capable of
masking the N+ diffusion, would not etch off uniformly, causing staining of
the silicon surface.

Although parameters heve been adjusted to provide a workable boron
glaes layer, this process still needs further work for large scale production.
However, suitable gas flow rates were established to asllow for fabrication
of devices under this contract. Using the improved masking and etching
techniques and greater cell thickness, additionsl boron BSF cells were
fabricated abhout halfway through the problem. These were done at temperatures
varying from 1000°C to 1100°C.
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This time cells with high V,. were achieved at all temperatures, with
surprisingly little difference noted between low temperature shallow BSF
( €.5uM) cells and deep (> 1 1M) high temperature BSF cells. Although there
was litile indication of shunting, cell efficilency was low due to low short
elreult currents.

Speatral response measurements showed that indeed the cells were low
in response from .75 to .95 WM, although oddly at 1,05 pM the response was
reasonably good., Again these values are relative, and when compared to &
conventional (non-BSE) 200 MM thick cell would be considered good, However,
when compared to aluminum BSF cells fabricated in the past at Heliotek, the
mid end long wavelength response was deficient by spproximately 15 percent.
Analysis of the spectral reaponse data along wlth lifetime measurements
conduoted at NASA/Lewis both indicated lifetime degradation.

. Since V,. values exceeding 530 mV had been observed (a 50 mV gain over
conventional 200 um thick cells), it waes plein that further BSF cell output
enhancement required that the lifetime degradation be minimized or eliminated.
A number of approsdches were tried, including post BCl, diffusion cooling
gchedules, annealing, pre-diffusion wafer cleaning ané even an alternate boron
diffusion method using B2H6.

Wafers diffused with the latter source were provided to Heliotek by
NASA/Lewis for processing beyond the boron diffusion step. However, in all
cases the BoHg oxide layer was found to be overcome by the phosphorous diffusion
eliminating eny BSF effect. Since Insufficient time was availlable for

investigating a phosphorous masking technique, the BC£3 diffusion was used for
all further work.

Based on our previous work on BCZ, diffused P/N cells done a number of
years ago, a specific cooling cycle has béen used for all BC P diffusions,
including the BSF cells. This step consists of pulling the diffused wafers to 8
zone set at T00°C where they remain for one half hour. Following this the
wafers are removed from the furnace and allowed to cool to ambient while still
on the diffusion boat. This simple step has in the past helped maintein a
uniform lot lifetime (as determined by aspectral response) whereas eliminating
the 700°C dwell often yielded a number of unusually low lifetime cells.

It was decided to try a T00°C anneal after the phosphorous diffusion
in order to see 1f lifetime could be maintained after the repeated diffusions
In the first test a one half hour anneal at 700°C was used with half s group of
BSF cells. These were then compared with the non-annealed half and found to
have approximately 5-10 percent more response in the mid and long wavelengths,
an indication of improved lifetime. Voe for both Broups were identicsel st '
570 mV {uncoated). However, both groups long wave response and, hence, lifetime
were stlll lower than that observed for aluminum BSF cells.

ORIGINAL PAGE Ig
OF POOR QuALITY,
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Consequently, a second test was conducted with an incremssed anneal time
(two hours). In this case both annealed and non-annealed groups showed similar
Vo '8, 587 mV (no AR), the highest obtained up to that time, in part due to
improved fabrication technigues. However, Isc and spectral response were both
low, indicating no improvement in lifetime. Rather than continuing the
annealing work which so far had been only sporsdic in helping the lifetime, the
NASA/Lewis contract monitor suggested that the lifetime degradation might be due
to heavy metsl Impurities contaminating the wafer surfaces and proposed
precleaning prior to the diffuelons, in particular the boron diffusion.

Normally wafers are cleaned before diffusion by degressing in

" trichloroethylene gnd alecheol, slthough 1n some cages wafers are etched in

HF acld for a short time to reduce any oxide bulldup. This process was altered
by adding an sdditional step Just prior to the boron diffusion. This cleaning
process, referred to as the "PNH" cleaning method by the semiconductor industry,
includes hydrogen peroxide, ammonim and hydrochloric gcld, and is commonly used
to remove heavy metal residues from silicon surfaces. Furthermore, a less
involved HC1 immersion was added Just prior to the rhosphorous 4diffusion step,
since 1t was felt that the boron diffusion was more influential in ,
Introducing 1ifetime degrading impurities and thus required a more rigorous
preclean. At this time the boron diffusion'teqperature used was 1000°C, with a
diffusion time of LS minutes, since higher temperatures had not yielded any
better BSF performance.

Examination of the special preclean BSF cells showed an immediate galn
of 1 mA/cm2 with a 10 percent increase in long wavelength response. NASA/Lewis
measurements corroborated the increase in device lifetime. A number of
additional tests verified the incressed long wavelength response observed in the
first test; consequently, the PNH preclesn was retained for all additional BSF
work. At the best, boron BSF cells formed with the preclean compared quite
‘favorably with aluminum BSF cells, s noticeable improvement from the earlier
results. However, it should be mentioned that the best aluminum BSF cells were
st1ll somewhat higher in long wavelength response then the best boron BSF
devices, indicating some room for improvement., Continruing 1ifetime measurements
at NASA/Lewis have indicated that at present the diffusion length in the boron
BSF cells isg comparable to device thickness (200 MM). In contrast, the diffusion
length obtained prior to the preclean generally ran from 100 —» 150 uM,

It 1s worth noting that throughout the boron BSF vork, excepting the
very initlal devices where shunting was a problem, the V4. 's have been quite
high. 1In general, the 580 mV minimum has been mchieved on the large part in
all completed devices. However, the Ige has varied from poor (135 mA typical)

to good (150 mA typical) independent of the Voo suggesting different
mechanisms for each. ’

In Figures 4 through © typlcal I-V curves are presented for
boron BSF cells fabricated durlng this program. All wafers were 200 uM thick,
‘except where noted, 10 ohm cm P type material, with g phosphorous diffusion
yielding a ps = 100-150 ohme/{y. A typical spectral response is shown in
Figure 7,
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E. Aluminum Back Surface Field

As was shown in the previous sectlon, the use of boron as the acceptor
dopant for forming a back surface field in the cell is a rather complicated
process. Whlle the necessary boron process controls were being derived, we
investigated aluminum as a dopant source, using our previous experience in this
grea.

Resulte using eluminum indicated that there was little difference in
cell output whether boron or alumirum was employed. The boron cells appesared
to have slightly higher values of open circuit voltage, but the aluminum cells
showed slightly better short circuit current ocutpute,

This difference in cell output can be understood by comparing the two

rocesses. In the case of boron, a relatively high tempersture diffusion

> 1000°C) is required to develop the field. Thig probebly results in
contamination of the wafer by fast diffusing impurities which act to reduce
the minority carrier lifetime. Thig theory can be supported in light of the
success that was achleved by using special ¢leaning procedures prior to the
boron diffusion. In contrast the aluminum process requires significantly lower
temperatures and the molten aluminum mey act as a sink for unwanted impurities.

If the assumption 1is made that the surface concentration of acceptor
dopantes 1s influentisl in determining the open circuit voltage, then one would
expect boron which dopes the surface to=~5 x 1020/em3 to yleld higher voltages 7
than aluminum, whose maximum solubility is at least an order of magnitude lower, )

From & manufacturing point of view, the aluminum procees is the more
mature since it requires fewer operations. Aluminum is deposited by vacuum
evaporation metheds and then heated to temperatures from 800 to 900°C for
periods from ten to forty minutes. This can be done elther on a diffused
wvafer or simultanecusly during the diffusion itself. 1In elther case, the
molten aluminum tekes up a significant amount of sllicon which either completely
eliminates the previous diffused layer or masks against the diffusion when the
process 1s done simultaneocusly.

It should be pointed out that there is a relationship between the amount
of aluminum deposited and the resultant open circuit voltages. Evaporated
layers at least five microns thick are required for high open circuit voltages
(> 580 mv). Layers up to twenty microns have been deposited, but the open
circult voltage seems to saturate as a function of aluminum thickness above
five microns. We do not completely understand this process and feel that
thinner layers of aluminum should work as well since the field is formed by the
@iffusion of gluninum from the evaporated layer 1tself and not from the alloy
region that develops.

Naturally the rather large amounts of aluninum presently required for
optimization of cell output cause some problems. Occasionally localized areas
will mctually penetrate completely through the silicon blank. In other cages
severe "bowing" of the cells will occur, This "bowing" is eliminated during
the subsequent cleaning step after field formation, but in the case of thin
cells the breskage in handling can become extreme. ‘

e



The cleaning process after field deposition is important both from an
electrical ss well as g mechanical standpoint. The aluminum residue does not
allow an adherent contact to be relimbly formed and 1t aleo acts to lower the
open circult voltage becmuse the aluminun surface layer reacts with the carrier
- gas to form an Insulating region.

Clesning 1s achieved by boililng the cells in hydrochloric acid until all
evidence of reaction 1s eliminated, Then the cells are placed in water and
glven an ultrasonic cleaning which removes all traces of the aluminum residue.
The egilicon surface is extremely rough after this process due to non-uniform
alloy regrowth regions. However, this does not have any significant effect on
the subsequent contact metallizations. E

F. AR Coating

materiesl, followed by a study of all controllable parameters to optimize the
process. Specific goals at the outget of this program were 1)} to achieve an
index of refraction of 2.15 (optimized for Teflon); 2) to minimize absorption,
egspeclally in that region of the spectrum below h50&ﬁ; and 3) to provide g
repeatable processz compatible with shallow diffused cells.,

Electron besm deposition wes chosen ss the most suitable method for
obtalning optical quality‘Ta205. Several types of Ta205 were Investigated
initially; loose powder, chunksd of compressed powder, and sintered tablets. The
last mentioned type was found to be most sultable because it dig not exhibit
rapid cratering or the tendency to spatter common to the other forms.

Using this material, a baseline valpe was established forleach of the
following parameters: 1) deposition rate; 2) substrate temperature; and 3)
chamber pressure. An ortical monitor was employed to provide a relative
indication of absorption and index of refraction.

A schematic of this system 1s illustrated in Figure 8, The
system consists of s masked circular transparent chip plate on whiech 24

this incident light through a second guide to s narrow bandpass (BSOOA) filter
and solar cell light detector. The solar cell current 1s then amplified and fed
into a strip-chart recorder. The light initially transmitted through the light
gulde 1s chopped at g frequency identical to that of the amplifier so that stray
radlation from the evaporant and background does not interfere with the reflectegd
light gignal and subsequent detector output. From this recording the deposition
rate, thickness, and refractive index of the deposited film can be monitored.

By simply revolving the chip plate, a complete series of films can be deposited
to determine the necessary deposition parameters.
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Evaporation parameters were varied over a wide range of values. Tt
became evident that the most important factor determining the coating
characteristics, absorption and index was the chamber pressure during deposition.
Index of refraction increased as chamber pressure decreased. At the gsame time,
however, the amount of sbsorption also increased. Increasing chamber pressure
from & low initial value by backfilling with oXygen was quite effective in
reducing absorption, but the index decreased accordingly. '

A number of quartz wltnesses were then comsted and transmission traces in
the region 3000 ﬂ—-—lE,OOO A were recorded on a spectrophotometer. The index of
refraction of these coatings as calculated from the transmiseion traces wag
- approximately 2.1. Also, significant absorption was evident below 4000 X. In

order to eliminate this absorption; the Tap0g costed quartz samples were baked
in alr at 300°C for 30 minutes. Also, addit§0nal samples were mede using an
oxygen bleed into the deposition chamber during the coating process. Both of
these techniques were successful in reducing absorption. The oxygen bleed
technique, however, tended to reduce the index of refraction of the coatings to
values as low as 2.0,

Using the preliminary dats obtained with quartz witnesses, a series of
depositions using solar cell test semples was made. The percent appreciation in
test cell output of short clreuit current, current at s fixed load, open circuit
voltage, and the relative spectral response at emch of 13 discrete wavelengths
between .4 and 1.05 M was recorded, as well as the substrate temperature,
depogitlion rate and chamber Pressure for each run.

The process parameters of temperature, rate, and pressure were each
varied over s wide range of values in order to determine their effects on the
resulting coating and thus provide the information necessary to optimize that
coatlng. Substrate temperature was varied from 100°C to 300°C in 50°C
increments. Little change in coating index and transparency was observed above
150°C. However, below that velue absorption was very high and the mechanical
properties (hardness and adherence) of the coating were very poor. Above 250°C
some evidence of contack bunch through was observed for shallow diffused cells.
A final value of 200°C was thus chosen &s the optimum substrate temperature,
and this value remsined constant throughout the remainder of these exXperiments.

Deposition rate was varied from 1 to 10 R/zec. Equally good
results were obtained throughout this range and a convenient value of L A/sec.
was chosgen,

Chamber pressure during deposition was initially a self-determined value
dependent upon the outgessing rate of the source material and the punping speed
of the system being used. For the same E-guﬂ power level, .75 KW for example, -
chamber pressure could be as high as 8 x 10™% torr with new source materisl or
as low as § x 10™7 topr wilth an old source, a result of the changing composition
of the source material with use. The major effect of these differences in
pressure from run to run was to produce changes in the index of refraction and
absorption, both increasing inversely with pressure. In order to gain some
control of this parsmeter, it became standard procedure to premelt new source
material at relatively high power levels until the chamber pressure dropped to g
desired value of 1.5 x 10~k torr at deposition rover.

25



A large number of cells were then coated using thls technigue. Short
circult current geins in alr as high ag 41 percent were recorded. However, it
was evident from spectiral response data that the coatings were slightly
absorbing below 5500 A, even after a post deposition heat trestment., For this
reason, the chamber pressure during deposition was increased to 5 x 10 b
bleeding back oxyzen. A substantial reduction of absorption in coatings deposited
8t this higher pressure was thus obtained. The index of refraction was reduced
8lightly to & value of 2.05 - 2.10. Short elrcult current appreciation of cells
coated uelng this technique was in general 1 to 2 percent highar in air and
approximately equal when covered with glass coverslides, as compared to cells
coated et lower pressure without oxygen. However, the oxygen bleedback technigue
mede chamber pressure & controlled parameter, no longer dependent on the state
of the source materisl, and for this reason became the standard procedure,

However, this procedure did not eliminate the necessity of heat treating
the cells after deposition. It was found that very short periods of heating in
alr (30 sec.) would remove almost all absorptlon, and a two minute bake cycle
was chosen as the standard post deposition bake time. The improvement in cell
output obtained by this technique 1s readily apparent from the change in
relative spectral response as shown in Table 4 for g typlcel test gample.

G. Wrepsround (ells

Once the other aspects of advanced cell technology were reduced to
practice, attempts were made to incorporate them into a thin (0.20 mm) 2 x 2 cm
wraparound configuration., Of the four major improvements, the new Ta,O: anti-
reflection coating and the thin grids cbviously presented no difficully’ Thus
our efforts concentrated on studying the feaslbility of using a back surface
field and a more shallow junction in the fabrication of thin high efficiency
wraparound cells.

There were two methods available to us for providing the back surface
field: diffusion of boron or evaporation and subsequent diffusion of sluminum.
Since the latter technique would automatically provide both N+ and P+ conductivity

reglone on the back surface due to the mssking properties of aluminum, it was
chosen for thie work.

Initial experiments were performed to Judge the effect of partial
back field region on the cell's performance. During the aluminum evapor-
ation, approximestely eight percent of the wafer's rear surface was masked
elong one edge, corresponding to the area that wouwld be lost in & typlcal
wraparcund structure. After the phosphorous diffusion, the back surface

- consisted of an aluminum doped P+ reglon with a phogphorous doped N+
region adjoining it. The cell was then contacted in the normal fashion,
except that the back contact was deposited only within the P+ region.
Following this, the cell was edge etched to isolate the rear N+ contact
and to eliminate any shunting between the junction and the back field
region. However, the back surface field still was Joined to the
phosphorous diffused region on the back of the cell. Eight cells were
fabricated in this menner.
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Wavelength Relative Spectral Response

{(nm} Appreciation (%)
.hoo 15
L 9
«50 5
55 3
.60 2
.65 1
.70 1
.15 0
.80 0
.85 0
S0 0
+95 0
1.05 0

Effect of Post Heatdng

on Spectral Reasponse

Table 4
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Electrical measurements at 25°C under AMO conditions were performed.
These cells, although not AR coated, had open circuit voltages in excess of
585 mV and short c¢ircuit currents approximately 10 percent grester than
non-field cells. The f111 factor was poor due either to the fact that the -
heavily doped regions on the back of the cell were still in contact with each
cther, due to incomplete edge etching, or to the reduced resr contact area.
However, the experiment Wwas a success in that it demonstrated the femsibility
of wraparound configurations with back surfece fields.

A number of wrapsround configurstions were evaluasted and & front spine
wraparound with a single rear psd was chosen (see Figure 4). This design
minimized back contact loss and also used only a very small portion of the cell
edge for the actual wraparound contact. While this tooling was being procured,
gome wraparounds were made using tooling from a previous NhSA/Lewis contract.
However, instead of two separate evaporations, the contacte were deposited in a
single pumpdown using rotisserie tooling which rotated the parts during the
contact deposition. A shallow diffusion, ylelding a sheet resistance of
~120 ohmaﬁ::, was used for these cells. Short circult currents approaching
160 mA and open circuit voltages exceeding 580 mV were achieved, but the curve
shape was relatively poor, probably due to shunting from the full wraparound
edge contact., Another possibility is that the actual wraparound portion of

the contact adheres poorly due to angle of inclidence effects.
L Cells were fabricated using the spine configuration; and even though
the wraparound pad only used ~~3 percent additional back contact area, the fill
factors were still poor - FF ~-0.70 was representative. We feel that this poor
fill factor can be partiaslly explained by the fact that the cells are very thin
and thus more susceptible to edge chipping, which was the main cause of poor
£11l factors in the past. We found it necesaary to target the diffusion to
yleld a value of ps of ~00 ohmsﬁj for wraparound cells. Further discussion
of wraperound problems and possible explanations will be found in a subgequent -

section of this report.
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IV. CELL FABRICATION

Three types of advanced solar cells (all 2 x 2 cm) were chosen for the
cell fabrication phase of this contract: 1) an A BSF cell; 2) a boron BSF
cell; and 3) an Ag wraparound BSF cell. All types were made from 0.20 mm thick
10 ohm-cm msterial. The conventional BSF cells had sheet resistance values of
~100-150 ohmsfz , while the wraparound cells had ps values of~60 ohms/o .

A, Aluminum Back Surface Meld Cell

Process flow charts showing the basic fabrication steps for each type
of cell are glven in Tahlas * 5 through 7. The material for all cell types
was prepared in ihe same manner as ig typically done in standard production.
In the case of the A{ BSF cells, the acceptor doping source was deposited on one
glde of the cell using resistive heating techniques. The conventional cell was
completely coasted with aluminum, but the wraparound was masked 1n such & manner
85 to form the final back contact configuration sfter diffusion (see Figure 10).
It is very important thet the amount of aluminum be at least five microns thick
in order to obtain a good field cell. This 1s strictly an empirical observation,
and we do not understand the relationship between cell output and aluminum source
thickness. . :

The wafers were then diffused using phosphine in a carrier gas of
nitrogen and oxygen to simuitaneously form the shallow Junetion and the back
surface fileld. Diffusion times between twenty and thirty minutes at a
temperature of 825°C vere sufficient to form a shallow Junction and a back
surface reld.

After cooling, the cells were put through a special cleaning process to
remove the aluminum residue from the rear gurface. This process uses hydrochlorie
gceld to first dissolve most of the aluminum, followed by ultrasonic cleaning to
remove any traces of residue that might remain.

Since the aluminum-silver contact system had not been reduced to
practice, passivated silver-titanium contacts were deposited. To avoid front junc-
tion degradation,the back contact was evaporated first and then sintered to break
down any electrical barriers that might exist, In many cases, it was possible
to completely eliminate sintering due to the high surface concentration of
aluminum scceptors; but for this phese of the work, all cells were sintered.
The cells were then given a thirty second soak in 10 percent HF to remove the
oxide layer from the front surface. Front contacts were deposited through
bimetallic maeks in order to form the eighteen grid collector pattern.

Tantalum pentoxide (Taeo ) was evaporated onto the cells to redyce
reflection losses. This wes done using electron beam evaporation with the cells
heateg to a temperature of between 150 and 200°C, Deposition rates of the order
of 4 A/aec. were typlcally used. Followlng cool-down and venting, the cells
were baked in sir at 300°C for two minutes in order to elear up any absorption
in thé‘TaQOg coating. After tape testing and mechanical inspection, the cells
-were electrically tested and graded for shipment., '
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. A% BSF CELL FABRICATION FLOW CHART
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BORON BSF CELL FABRICATION FLOW- CHART
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WRAPARQUND ALUMINUM BSF CELL FABRTCATION FLOW CHART
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B. Boron Back Surface Fleld Cell

Table 6 15 a process flow chart for the boron back surface field
cell. After etching the blank to its final dimensions, the silicon was given &
epeclal cleaning in a mixture of hydrogen peroxide, ammonia and hydrochloric
acid in order to reduce the concentration of heavy metals which would otherwise
diffuse into the materlal during the field formestion step. The wafers were then
diffused for 45 minutes at a temperature between 1000 and 1050°C using BCZ; in a
cerrier gas of nitrogen and oxygen. :

Upon cooling, one side of the wafer was masked with tape and then
placed in 8 10-1-6 (HNO,-HF-CH COOH) acid solution for approximately two minutes
in order to remove the goron d?ffused layer. The tape was removed using xylene
and the wafers immersed in hot HC A for five minutes to remove any heavy metal
residue that may have been taken up from the previous etch.

The wafers were then diffused, using phosphine ss the doping source, for
twenty minutes at 825°C, After cooling, the wafers were boiled for thirty
minutes in an acid solution of HCZ,HNO3 and HpSO, in order to remove the boron
glass from the rear surface. The rema?ning fabrication steps were ldentical to
those used for the saluminum back surface field cells.

C. Wraparound Aluminum BSF Cells

The process flow chart for the wraparound contact cells fabricated for
this contract is shown in Tabte 7 . A conventionally prepared wafer 1s
aluminized using s wraparound-type back contact evaporation mask, thus
establishing the AL P+ region as being idemticml to “he back contact srea. The
aluminized wafer is then dirfused at 850°C for twenty-five minutes to obtain a
[oF) of:~460'ohmsij » Excess aluminum is removed and the part cleasned in the usual
way prior to contacting. Ti-Pd-Ag contact evaporation is accomplished in one
step using rotisserle tooling and special wraparound contact evaporation masgks,
After taping the front surface, contacted cells sre dipped 1in 3-1-2
(HNOo-HF-CHqCOOH) etchant for ten seconds to etch a reglon between the N and P
" cont8¢ts on the back surface, and to etch the cell edges not covered by
the contact, thus creating the desired N+, P, P+ transition. Finished

cells are then AR coated with Ta,0; and tested.
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V. CELL TESTING

The 250 adveanced solar cells were tested prior to shipment to typical
space flight qualification standards, This included slectrical and environ-
mental performance teats, This section describes the variouws tests and
pertinent results, All three types of cells, aluminum BSF, boron BSF, and
wraparound were tested accordingly. Prior to the environmental tests, all
cells to be evaluated were maupped for initial defects, A typical map of a
aell is shown In Figure 11, After eamoh test sequence the pells were once
more examined and compared to the initial maps,

Tape Tegt All fabricated cells were subjected to & tape pesl teast
using Scoteh Brand No. 810 tape., All front contacis were tested; however,
in view of the cell thlckness (.020mm}, only ten percent of the back contacts
ware tested to minimize the posaibility of excesslve cell bresksge, In the
case that any of the tested back contacts did peel, then the test was extended
to all cells in that particular lot., Cell failurse occurs when any front
contact bar peeling occurs, when meore than ons gridiine peels, or when back
contact peeling exceeds two percent of the contact arsa, A4ll of the 250
delivered cells passed this test,

Boiling Water A& quantity of cells, equal to 3 percent of the
delivered cells, were suspended in boiling DI water for 30 minutes, after
which they were dried and subjected to & standard tape test. No AR coating
peeling was obaerved,

Erasure Test Three percent of the cells were erased on the front
- surface using a standard pink pearl eraser, After 20 rubs (20 oz, pressure)
the AR cosatings were examined, No Ta205 coating removal was observed,
Thermal Shock Ten percent of all cells were subjected to a 10 eycle
test from + 140°C to -196°C. The rate of at least 30°C/minute was attained
by immersion in liquid nitrogen for the low tempersture limit, then trans-
ferring them to & hot plate for the high temperature sequence, A one-hour
dwell at each temperature extrems was included ss part of the test. There
was no occurrence of AR costlng peeling or other physical damage,

‘ High Temperature-High Humidity A gquentity of cells, equal to 10
percent of the delivered cells, was subjected to a 5 day high huridity, high
tenperature storage test.,  Test temperature was 45°C with a relative humidity of
90 percent, Subsequent tape testing showed minimal contact peeling and elec-
trical testing results showed no apprecisble electrical change (i.e,, < 2
percent), -

Cell Output All cells paasig@ the initial +tape peesl test were
elegtrically tested with a Spectrosun™ X-25 xenon solar simulator at AMD,
28 - 1°C conditions, Complete I-V characteristics were obtained along with
I ,V ,s8ndVF values, The best cella were selected for shipment to
Nigk_Lgﬁis end P¥f1 factors were calculated for these cella, Typical V-I
characteristics for cells sent to NASA Lewis are shown in Pigures 12 through
16 ,. These include aluminum and boron BSF cells and wraparound contact
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cells, In addition pertinent performance data is supplied in Figures 17

through 20, for the distribution of cell I V o Pmax’ and fill
faotor respectively, In addition to the above, Figures 21 and 22
ghow typical spectrel response curves for aluminmum and boron BSF cells,
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VI DIBCUSSION

A review of the data genersted from the 250 cell pllot run shows that
slgnificant progress has been made toward the goals of this contract. A
number of compromises were made and this was to be expected in view of the
fact that the ultimate objective was to develop processes that could be
used for high volume production.

The shallow diffusion work did achieve the goal of this contract
.¥hich was a gain of approximately 2.5 mA/em™ over conventional diffusions.
It was also found that sheet resistance values in excess of 150-175 ohms/py
did not yield sny additional short wavelength response and consequently
ne further improvement in short circuit current. The technique for obtain-
ing improved short wavelength response was reletively simple, merely
requiring adjustments in time and tempersture without any change in the
method or dopant used for junction formation.

Calculations based on known Junction depths for a given ps indicate
that the advanced cells have Junction depths of between 0.12 and 0.15 uM
This depth still allows the cell to be interconnected in ‘conventional
fashion using either solder or welding techniques. The importance of this
fact should not be over locked since the final function of most solar
cells 1s to be assembled into circuits. '

Naturally the shallow Junction sutomatically required other sdvances
to be made in cell febrication. The two most importent were the contact
configuration and the antireflection coating. Addressing the former
gubJect we concluded, on the basis of cost and yield rather than on technical
grounds, that a compromise had to be made between the ideal situation and
what could be accomplished in s manufacturing environment. Calculatigns
showed that ten lines per centimeter, each line epproximetely 2 x 10 em in
width would yield optimized power. However, the only method of achieving
this geometry required photoresist technliques, It will be admitted that
finer geometries than this are routinely done in the microelectronics
industry, but the value per cm® of silicon of their yielded devices is
many times that of a solar cell. Therefore on & cost basis this type of
process could not be Justified.

Using this guideline we evaluated bimetallie masking for contact
deposition, The bimetallic mask can be constructed to yield line widths dowm
to 3 x 10-3em. It allows cells to be processed in normal fashion with
regpect to contacting since the standard cell is contacted using less gophis=-
ticated masks. An analysis based on & realistic line width of § x 10~3em
showed that series resistance could be reduced below the levels attsined
with conventionel Junction depths without sacrificing active ares from that
obtained in the conventionel device. A savings in active ares was achieved
by reducing the collector bar from the typical 1.0mm width to O.Smm.

This change was also made on pragmatic grounds since some panel manufacturers
have now refined their cell assembling equipment to the point that & more
nerrow collector bar can be accormodated. :
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The work with bimetallic masks indicated certmin areas where additional
effort will be needed before these masks can be pronounced as sultable for
large scale production. The masks require peripheral support frames which
adds more complexity to assembling and meinteining them. The nickel
metallization which defines the line geometry is susceptible to nicks and
scratches from handling. A reliable cleaning process that does not damage
the mask has yet to be finalized. At present the bimetallic masks are
initially more expensive and possess a useful lifetime approximately equsl
to half that of & conventional stainless steel magk. The cost impact is
not extreme since tooling represents only a small fraction of the final
cell cost, but it should be pointed out that there i1s sdditionel ecost for
this step in processing sdvanced silleon soler cells.

‘ Turning to the antireflection coating we once more made a Judgement
that compromised the ultimate objective of this phase of the contract.
It is well known from theoretical considerations that a multiple layer
coating system will be superior to a single layer material in reducing
reflection from the solar cell. However, the properties required of the
multiple layer system restrict the choices of meterials that cen be used.
Not only must the components be relatively free from absorption, they must
also be durable and stable under the operating condltions encountered in
the space environment, Finally, there is the concern for the relisbility
that can be achieved with a multiple layer process in & manufacturing
. situation. From these considerations we felt that a single layer film
. possessing better short wavelength transmission and a higher index of _
refraction than the conventional silicon monoxide coating would be a sign-
ificant sdvancement.

One of the goals for this phase was to develop & coating system
that would be a proper match to Teflon FEP which is under serious consider-
etion as a replacement for the present fused quartz protection systems.

Our experience indicated two potentisl single layer cendldates, titenium
oxide (Ti0_) and tantalum pentoxide (Ta 0 From the standpoint of
refractive index, both materisls were accgptable. Exeminetion of their
transmission showed that below 4000 R Ta_0_ was superior. 3Based on this
fact alone we chose to develop the tanta&ug ‘pentoxlde coating. It should
'be pointed out here that in the event fused quartz ls retained az s pro-
tective gystem and it 1s deemed necessary to reject certain portions of
the ultraviolet spectrum in order %o protect ageinst adhesive darkening
there would be no reazon for not using TiO . However, based on the Teflon
FEP gystem it was proper to investigate taXtalum pentoxide. Our results
with this material have yielded a coating with an index between 2.10 and
2.20 vhich is effectively transparent beyond the useful solar spectrum,
An index of 2,10 is optimum for the FEP system.

There is one other aspect of advenced cell technology that also
requires changing with the advent of the shallow Junction, and that is the
contact gystem. We were initially faced with the problem of compatibility
between the pilver-titanium system and shallow Junctions. It ig knowvn that
impurities related to the titanium can effectively degrade the cell during
a post contact high temperature process. To avoid this problem it was
suggested that an alternate to titanium be found which could be deposited
in sufficliently pure form to avoid this behavior. Aluminum, although an
acceptor, could be substituted provided the smount of aluminum could be
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precieely controlled in order to not punch through the Junction and form a
direct short. In principle elevated heat trestments would result in an

alloy type bond between the silicon-aluminum and the eluminum-silver. Our
work did show some partial Jjustification for this theory, but we could not

make the process work in the reliable fashion demanded by high volume
_._production.

The results of the back surface fleld investigations were en-
couraging. Initially we were regquired to examine boron diffusicn as an
alternate approach to previous work done with aluminum. While this process
was belng developed, improvements were made to the originsl aluminum
method which made it a vieble production process. This allowed us to make
& judgement concerning the applicability of the boron process for production.
The boron field cell needs at least five eriticsl processes; 1) a special
preclean to remove heavy metals, 2) & high tempersture diffusion, 3) a
masking and etching step to remove the boron from one side, 4) a phosphorous
diffusion and 5} & boron glass removal step., The aluminum process requlres
three processes; 1) eveporation of aluminum, 2) a phosphorous diffusion end
3) an aluminum residue removael step. In addition to the fact thet there
ere fewer processes, the aluminum field cell can be diffused at significantly
lower temperstures thus preserving minority cerrier lifetime. ‘ '

At present both processes yileld high performance cells, the.
boron cells having slightly better voltage and the sluminum cells having
slightly better currents. Comparing the two with respect to the number
of critical operations required leads us to conclude that presently the
aluminum process is superior for high volume production.

The one aspect of this contract thst presented the most difficulty
was attempting to incorporate the above mentioned advencements into a wrap-
around cell. The field was successfully implemented using aluminum, but truly
shallow Junctions could not be mede without severe degradation in curve shape.
There are a number of potentlal causes for the lower fill factors observed
for wraparound cclls. Edge defects, such a8 nicks or chips, caused after the
diffusion would expose bulk regions aend act as shunt paths if covered by the
wraparound contact. This possibility is increased ms the cells become
thinner and therefore wore susceptible to handling damage. The wraparound
contact may not be sdherent which would increase meries resistence, The
separation between P+ and N+ regions might not be complete, especially on
the cell edge opposite the wrapsround (See Figure 9). The loss of back
contact area will contribute some finite increase in series resistence due
to the increased path length between portions of the positive and
negative contacts. The technique of using the same mask to form the
field region and deposit the contact may be at fault. A slight misalignment
of the part could cause contact bridging between the N+ .and P+ regions.

The distribution of fill factors indicates that there is a more
basic problem involved than edge chips. On a statisticsl basis there should
be finlte number of wraparound cells with at least the same £ill factors as
the conventionsl cells, if random edge defects were chiefly responsible for
the low fill factors. '
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There 1s en sdditionel piece of evidence indicating a more
fundamentel problem. We have used this type of wraparound configuration
to produce 2 x 4 cm cells, 1-3 ohm cm bulk resistivity, with & two pad
pattern on the rear surface. Over two hundred cells ranging from .020 to
.035 em, both with and without back surfsce fields have been manufectured.
The contacts, both front and rear, were successfully tested with #600
Scotch Brand tape, although no attempt was mede to verlfy the adherence
of the edge contact. In the case of aluminum back field cells 0.20 em
thick, the average fill factor was 0.76. The only differences between
these cells and those made for this rrogram were the bulk reaistivity,
end the fact that the fleld diffusion was kept awsy from sll edges of the
cell. However if the seperation etch eliminates the P+ reglon on the back
surface, it should also remove this region from the cell edge.,

Previous work done harQSAnd in other laboratorieGQAaa pointed out that
the generated carriers in the region sandwiched between the front end rear
N+ region must flow through a narrow channel in ocrder to reach the positive
contact, The geometry is such that a rather large resistence is encountered
in this portion of the cell which, when added to the contribution from the
"normal" portion leads to a reduction in curve shape, Naturally this chan-
nel resistance would be much lower for wwo ohm em material and our data would
suggest that it has minimal effect in the case of two ohmeem silicon cells.

The three groups of cells that were built and delivered to NASA/LRC
represent the present state~of-the-art with respect to cells that have the
potentisl for large quantity production, Compering the median of the distidi-
bution for each type ageinst the originsl contract goals will glve us one
standard for judgement, Comparing these cells sgainst present conventional
0.20mm cells will give us 3till another view. ‘

‘ The goml for this contract was to produce cells with short eircuit
currents of 160 mi, open circuit voltages of 600 mV, and a £ill factor of
0.76, which would therefore yield 73 miW for a 2 x 2 om cell when measured
under AMO conditions at 28°C,

The aluminum BSF cells averaged 152 mh with approximately twenty
percent of, the population having I greater than 155 mA, Since the anti-
reflection coating we used was not optimized for gir, the currents are lower.
Assuming & two percent appreciation would yield an average claoser to 155 mA
with about ten percent achieving 160 mA. The boron BSF cella averaged
about two mh lower with the best currents being 157 mA. . The wraparound
cells, because-of the deeper diffusion only averaged 148 mf, with the best
cells at . 152 mA, -

There are & few areas where some glight adjustments might have
vielded another two or three perecent improvement in ewrent, A slight
reduction in grid}%ne width from the actual printed dimension of 7 x 10_3
em down to 5 x 10 ~ cm would gain over two percent. There may be anocther
one percent svaileble from diffusion. Furthermore, the actual appreciation
-in current when the cell is covered with Teflon FEP could be. cloger +to
thres percent then the more conservative estimate of two percent for con-
ventional coverslides, Factoring these values into what was obtained
indicates thet the nonwraparound advanced cell could be fabricated in
volume with & short cireuit of over 160 mA when covered, ‘
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The boron BSF cells had an average open circuit voltage of 592 mV
with seventeen percent exceeding 600 mV, The aluminum BSF averaged 586 with
8 maximum cell voltage of 598 mV, The wraparound cells were equivalent to
the regular aluminum field cells. Once again we were very close to achiev-
ing the ultimate contraet goal and since Vv values of 580 mV ocould be
routinely echieved we muat consider this agﬂeot of oell performance to have
been sucecessfully conoluded.,

With respect to fill factor we once more came very close to the
ultimate contract goal except for the wrapsround cells, Tifty percent of
the aluminum cells and twenty percent of the boron cells met or exceeded
the contract goal of 0,76 f£ill faetor. With additional experience in cell
procesgsing f£ill factors exceeding 0,76 should be routinely achieved in
produstion using the present contact configuration.

The efficiencies we achieved on this econtract ranged from 11.5 up
to 13.1 percent with the boron cells heving en average efficiency of 12.2
percent and the aluminum cells averaging 12,4 percent., The wraparounds
were lower due to the problem of curve shape, but the 11,1 percent average
efficiency §t1ll represents a significant achievement when compared to
present-day production cells of the same thickness, :

As a result of the pilot run we conclude that 10 chm em 2 x 2 em
silicon cells, 0.20mm thick may be mass produced with reesonable yields
to achieve an average efficiency of greater than 12,0 percent when covered,
This represents a twenty percent improvement, over present-day cells with
this geometry. It can be expected that certein refinements in processing
will lead to a further improvement in cell efficienoy within the coming
yesar,
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CVII RECOMMENDATICNS

- This contract has conclusively demonstrated that adveanced proceasing
 techniques can be put into a production environment to produce high efficlency
cella, At present our production line is using weny of the same types of
processes examined on this contract to produce spasce quality high efficiency
cells for use on z number of programs,

The fact thet advanced cells have gone from the kaboratory to pro-
duction in & period of only a year indicates that there has been a profound
revision in the attitude of =o0lar cell customera, It appears that improve-
mente in cell efficiency are making many proposed migsions more fsasible.
Since new 1deas are now spparently receiving mors consideration from what
has been basically a conservative market, it 18 imperative that the initial
advances in solar cell technology be continued,

It is doubtful that significant irmprovements cver what has now been
gocomplished in the sree of improved short wavelength response can he made,
However, the present shallow Jjunction cell has forced wus to go to process
sequence (sintered bask=-unsintered front) for contacting that is not cost
effective, As stated in previcus sections of thils report, we feel that
the slunlnum-silver system shows promise and we would recmmend that work
in this area continue, ' '

The techniques for relisbly producing back surface fields have
been fairly well reduced to practice, but in the case of boron doping the
process iz too complex for utilization in production. We would suggest
further work using the Emulsitone spin~on sources as an alternative to
the bhoron trichloride gas system. The aluminum BSF cell hag one signi-
ficant drawback, which is the necessity of depositing very thick (> 5 uM)
layers of sluminum in order to develop high voltages, Thig can cause
problems when thin (< 0,20mm) cells are processed., We would recommend
soms additional work oriented toward understanding the relationship between
aluminum source thickness end the resuldting field effect,

In view of the fact that incorporsation of the back gsurface field
increases the open cireult voliage of ten ohm om silicon cells to that
aphieved by one ohm cm it would ssem that even higher resistivity silicon
might be investigated, Until the advent of the fleld cell, the more radias-
tion resistant higher resistivity silicon could not be fabricated into
reasonably efficlent devices; this is no longer the case, Another aspect
. of fleld cells that should be exploited 1s even thinner cells. This program
demonstrated the feasibility of manufacturing 0.20mm cells; further explora-
tory work with a goal of O.lmm cells might prove frultful, especially in
conjunction with higher base resistivity material., The work in this ares
should be oriented more toward new approaches to handle very thin cells
rather than a method which will yield some devices, but will not demon-
gtrate any potentizl for volume production.
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Perhaps the most important work remaining to bs done involves wraparound
solar cells, There are a number of large solar arrsy progrsms in the planning
gtage that are seriously congldsring wrapsround cells, The techniques for
sutomatically assembling such cells are being developed and it appears that
gignificant cost savings can be achiseved in pasnel sasembly if wraperound cells
gre available, Unfortunately the technology for mass producing wraparound
cells of any type does not exist. This fact has not yet been fully appre-
clated by the advanced planners and unless work begins immediately many
potential multikilowatt missions will either be severely compromised or will
be forced to conaider other competitive forms of energy conversion,

We would strongly recommend that any sdditional work in advanced solar
cells be primarily oriented toward wraparound cells, Implementation of the
sllver-gluminum system would be & key step toward this objective, In addi~
tion we would recommend & re-evaluation of the present 2 x 2 cm 10 chm. om
baseline cell, Larger cells (2 x 4 em) and lower resistivities should be
investigated. The wraparound cell thickness should not be arbitrarily
chosen, but should be allowed to evolve through process improvements to an
optimum which will be qost effective, ‘
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