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I. ABSTRACT

The |- :sent contract has reached the stage of two-thirds
ci-npletic . Progress can be characterized by continuoué im-
provemen: : in all parameters of this new space cell. .The
CHEVRON’ metalization pattern is efficient>in.collecting the
current and a spec1al tltanlum-81lver metallzatlon prov1des
i h1gh rellablllty contacts.' The cells made to date prlmarlly
employ evaporated tantalum oxide coatings, which can now be
aéplied quite reproducibly. The cells displéy extremely sharp
I-V characteristics énd high photovoltages. The blue response
has also been improved significantly. In general, the effi—'
ciencies have been gradually improved'throughout the period.

S0 far, only modest atﬁention has beeh paid to the red
response of the cell. Efforts in fhe last quarter will con-
centrate on improving the rear high-low junction properties
and on implemenﬁation of an internal mirror. |

It appears certain that the project will demonstrate a
space solar cell having a néw technological basis. Additionai
performance will alsdgvery likely be achieved through improve- .
ménts in the red response. It appears that the new technologi-
cal basis developed duringAthis contact warrants further "fine
tuning” of the processing in order to maximize the conversion

efficiency -and to use the present technology to its fullest

potential.
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III. INTRODUCTION

The aim -f this contractual effort is to attempt realiza—.
tion of highe specific power output and radiation resistance
from thinner :olar cells for space applications._ The work re-
ported herein describes the efforts applled to establlshlng the
technologlcal base for fabricating hlgh eff1c1ency thln solar .
cells. The contractual perlod has reached the two—thlrds p01nt AR
and achievement of the goals now appears a certainty.

The efforts expended in this project have been divided into
some nine categories in the development of this new space cell.
These'cells are n+—p-p+ in form and the front n*-p junction
formation has employed phosphorus as the dopant from a gaseous

PH., source. The p+-p high?low junction on the back has been

3
fabricated by alloy/diffusion of én aluminum layer applied by
vacuum evaporatioh, which requires further study to optimize
recombination site densities.  Cells have been processed with
starting resistivity silicon of 0.2-3 ohm-cm, but the low-
resistivity cells require further effort to achieve reproducible
surface properties. Crystal orientations employed have been
(100) and (111), with the former resultlng in decreased fill-
factop scatter. Anti- reflectlon coatings for improving optical

coupling of the incident light have mostly been evaporated tanta-

lum oxide, with some titanium dioxide and yttrium oxide experi-

. .mental coatings. .Cells wefe successfully fabricated from. .. = .
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siliqon of various thicknesses, from llvmils-down to 4 mils,
resulting in power and current reductions of only 17% for
thickness reductions by a faétor of 2.5. Asséssmenf'of pro-
cessing rate iimitations for very thin silicon cells shows
that manual transfer steps presently require moreucare to avoid
'breakage, but;some'improvements have been considered.. Some
calculations of theoreticai_limitations 6n cell photovoltage
have been performed, includingfeffects‘from distributions of
phoﬁogenerated carriers. In addition, for anhiytiéal support
on £heée efforts, modificatioﬁs and improvemepts to optical
and electronic measurement:inétrumentation and mathematical

analysis aids’‘have been made during this quarter.



IV. TECHNICAL DISCQUSSION

Efforts during the second quarfer resuited in completion
of several tasks and significant progress in the continuing tasks.
Modification and improvement of measurehent apparatus was éom—
pieted for AM0 simulation, I-V, C-V, lifetime, andiquantum yield
vs. wavelength. A supply of 0.2 ehm-cm-wafeﬁs wae obtained and -
some quantity of 2 cm x 2 ¢m cells were fabrﬁcated. Variations
in thickness; starting fesisﬁiviﬁ&vand processing techniques
heve been investigated to determine effects dn cell performance.
Experimentation with phosphorussd;ffusion'conditions'was com-
pleted, but back contaet experiments 'contiﬁue due to some
remaining difficulties witﬁ recqmbination.velocity; ‘The cells
fabricated from 2-3 ohm—cm;starting resistivity are‘very re-
producible,QWith excellene,fill factors and good blue response.
The processing techniques employed have resuited in devices of
high quality.and a very manageable process flow. The main pro-
cessing rate iimiting steperlie,in handling %nd cleaning of

thin cells, which do require caution to avoid breakage.

A. Front Junction Formation

Diffusioh of the front junction employed a gaseous source
' coesisting of{a mixture of N, Ar,voz, and Pﬁ3. AThe main
variables controlling the diffusion process ére‘the.temperature
of diffusion,. the time at temperatpre'and the gas mixture com-
position. The desirea{fesuiﬁs aré eﬂ optimu@ sheet resistance
in the h+ layer and minimum daﬁage to the si%icen crystalilattice. -
The sheet fe@istances obtained are qﬁite rep#oducible,'as de-

I

termined by four-probe meaeurement, and are set at approximately

e
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100 ohms per square. The degree of lattice damage associated
with the diffusion process was eValuated by measurement of the
dark forward current characterlstlcs and the forward 1nject10n

storage capac1tance at 1ow current den51t1es, as described in

:  Section J. During the effort on ‘variation of diffusion. para—._

meters it became apparent that good fill factors, improved

storage times and dark current characteristics were obtained

with diffusions performed in the.neighborhood of 860°C for 10

minutes, with gas compositions'neaf 1:10:100:100 for PH3=02=

"Ar:N These diffusion conditions have produced 5mA per cm2

2.
of short wavelength response below 0 55 micren, using a Corning

9788 glass filter in the AMO 51mulator path, as shown in

Figure 1. for a 10 mil thlck cell.

B. Back High-Low Junction Formation

As mentioned in earlier reports, the system being investi-
gated in this effort for forming a high-low junction at the rear
surface of tne cells is the diffusion/alloying of aluminum. In |
most cases; the aluminum wés applied by evaporation and alloyed
through the rear phosphorus junction. The aluminum~silicon
eutectic temperature is known to be at 577°C; while conéiderable'
aluminum penétration is well known to‘occnr down to around 450°C.
At highor te@peraturés, the aluminnm easily penetrates and over-
whelmsnthe pée—existing.nf—p phosphorus doped junction. Above‘
660°C thé‘aldminum‘itself goes into the liquidus phase and the
whole sandwiéh.of back layers re—solidifies on cooling. The
properties of the high-low junction are then{determined by the

net stress and doping of the former eutectic: interface and the

-7~
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associated diffusion front;. The interfecial recombination
velocity resulting.from this structure determines the efficiency _
of reflectlng photogenerated electrons toward the front Junctlon
for collectlon. It must be con81dered that too mild an aluml—
num penetration would leave an n* potential minimum which

would force electron motion toward the back sorface, bot this
effect appears to be ea51ly overcome as shown by the data on
1schronal (15 min.) alloying temperature experlmentatlon in
Figure 2. Higher temperatures of alloying appear to degrade

the interfacial recombination velocity, as evidencea by the
monotonic decrease in collected current with increasing
temperature. ‘However, coneistently high photovoltages and the
fesymptotic increase in collected photocurrent With decreasing
alloying temperature down to 650°C indicate no problem in over-
coming the prior n+ layer.-

'The resultant recombinatioo velocity appears to be

higher than hoped and a function of detailed metallurgy,'és
shown by the scatter in long wavelength yield in Figure 3.

(The measureﬁent technique is described in Seéction J.) Con- |
certed efforts continue to be directed to improvement of
‘carrier lifetime at the back_interface,»but'it is obvious'that'
thisisystém wili requireifurther investigatioo in the_immediete

future.
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C. Low Resistivity Silicon

A supply of p-type wafers of 0.2 ohm-cm resistivity was
obtained for use in this effort. Cells were fabricated in
much the same fashion as for the 2-3 ohm-cm wafers normally

employed. Cell performance was fairly similar except for one

- outstanding aspect, the variation and instability of the £ill -

factor and photovoltage. This is explained byAthe decreasing
ratio of n* to p doping levels, which in very shallow junctions:
allows incréasing interaction of the surface of the n' layer |
with the minority carrier.distriﬁutions in the neighborhood of
the junction. As a consequence,lchemical interactions with the
ambiént, which change the surface stéte properties;'exert in-
creased control over the éurrént—voltage'characteriétics of the

junctlon. The net result. is that the immediate chemical history

'

of the cell surface affects the characterlstlcs of the cell,

as can be seen in the dark-current plot in Figure 4. Control
of these properties and stabilization of the fill factor for
.lowéresistivity cells rebfesents a level of effort which does
not fit within the resources of the éresentzcontract funding.
Thermal oxidation techniques are Qell known for stabilizing
surface state conditions on silicon, but the oxidation tempera-
tures énd resultant oxide thicknesses normally employed are
indompAtible with low—temperature'cell proceésing and efficient
ant1 reflectlon coatings. Certalnly,. there must be a com-
promise technology for achiev1ng stable low surface state

densities on low resistivity cells in conjynctlon with

-~
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high-index~antiréflection coatings. We could pursue this sub .

ject to successful conclusion in some future efforts.

D. Crystal Orientation

In the course of the first two quarters wafers of both
(100) .and (111) orientatioﬁ have been employed for solar cell
fabrication.‘ In general, the characteristics of cells having
the two diffefent surface bfientations‘are remarkably similar,

with one exception. The cells fabricated on (100) surfaces

were quite reproducible in fill factor, while those empioying_

the (1l1l1) orientation scattered quite randomly in fill factor.
Devices of eqgual gquality canibe made with either drientation,
but the yield for the (l111) orientation has been consistently

lower in our experience.

E. Anti-Reflection Coatings -

As was reported‘before} most of the work concentrated
around tﬁe use of evaporated tantalum pentoxide. It was found
that this oxide can provide good transparency evenvin the ultra-
violet region. The index of réfraction appears to be a strong
function of evaporation conditions, with the general tendency
being toward the establishment of a suquide’having an index
value below that associated with the amorphous state. The two
mostvimpoftant parameters in the evaporation of tantalum oxide

appear to be the ambient pressure and the rate of evaporation.

~14-



A sufficientiy high index of refraction can be developed by

o evaporating at a high rate at the lowest possible pressure.

This anti~-reflection coating appears to be under goﬁd‘qontfol,x
is being applied routinely and no further work will:i.be done
6n this subject in the oncéming quarter.

Short experimental excursions were made in the direction
of employing yttrium oxidefas an aiternate anti-reflection
coating. This oxide appears'éé have most of the desired
propertiéé and also shows changes in the index of refraction
related to the evaporation'conditioné. Figure 5. shows a typi-
.cal reflection curve obtaihable by the apblication of yftriﬁm
oxide. Work in this_direc£ion was stopped, h6wever, as the
scope of this effort does not allow the full exploration of
this oxiae. | |

Another search for a bétter optical match éonsiéted of
the application of double 1ayer§; Particularly, we used a
thin layer of.titanium metal coated with evapo:ated tantalum
.oxide. Upon heatiné in air, in tﬁe neighborhood éf 500°C,
the titanium layer became oxidized to form TiO,. It was dis-
covered, however, that titanium Haslpeculiar oxidation proper-
ties in that_the oxidation réte is a strong functioﬁ of
evaporation condition history. Nevertheless, successful
double layers were appliéd énd an improvement in the optical

match was observed followihg addition of a cover slide. This

-15~



is shown in Figure 6. The.oﬁserved passband widening of the
opticél'transmiésion is dué to the higher index displayed by
the underlyihg 'rio2 1ayeréj Again, detailéd’mapping of ‘this .-
system has been terminated because of effort limitations.

The uée of evaporated ﬁantalum oxide‘éppears to produce
sufficiently good optical coupling for the moment and will

be employed in the oncoming quarter.

" F. Thin Cells

Groups of experimental 2 cm x 2 cm cells were fabricated
during this qﬁarter in silicon of variousAthicknesses, utiliz-
ing the best-case combination of the processing techniques
described above. The silicon thickness was varied in approxi-
mately one mil steps from 11 mils down to 4 mils,'employing
2 to 3 ohm~cm (100) eilicon starting material. The resultiné
AMO cell performance of thé groups of deviqes.fabricated is
shown in Figure 7. and Figure 8. along with data for thick
15 mil cells. |

These cells had tantalum oxide anti-reflection coatings at
the AMO0 measurement step, but no cover glass, which raises the
output'about 5%. As expected, the short-circuit curfent is a
slow function- of thickness; losing only the 1ong wavelength
photocurrént in the deep bulk-as the thickness is decreased.
The peak power curvé undergoes.the same relative drop as the
current, since these devices all have excellent fill factors

.and the drop in open—circuit photovolfage with decreasing cell

~17-
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thickness was very small. Reducing the cell thickness by a
factor of 2.5 from the common 10 mil startlng materlal only
reduces the AMO output current by 17%, a 51gn1f1cant improve-

ment in power to weight ratio.

G. Processing Rate Limiting Steps

The proces51ng technology employed for these experimental
cells at Solarex is very tractable and w1ll lend itself well
to high-rate fabrlcatlon._ We firmly believe that a pilot-
line level of fabrication would be most useful for fine tuning
of the various steps to maximize performance. The main rate
limiting steps now appear ro 1ie in handling and cleaning of
the more fregile thin silicon. No problems'Were'encountered
with thinner silicon in high-temperature stepe, but rather in
the manual transfer stages. The most fruirful processing
rate improvement for thin cells_lies in the equipmenr methodol-
ogy for nandling and holding devices. Venturi-tweezer oickups
and low-force jigging for drying and evaporatOr;mounting, would
reduce the great care and time consumption presehtly‘required
in these steps. The other processing steps lend themselves
well ro high-rate batch or continuous-flow operations with no
particular precautions required forathin cells. All operations

could lead to very high throughput rates,

H. Photovoltage

The photoroltage of a cell can be related to the theoretical

reverse current of the junction. 1In a mathematical formulation,

-2]1-
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thermal generation centers must be identified. If one assumes

that the bulk lifetime isf:elatiyely high, the source of the

reverSeAchrrent"shifts'ﬁéithéAbbundéries. In suéh.a:¢a5e; #he :
reverse éﬁrreﬁt components\are determined by the appropriate |
surfacé:recombination velocities. On the back Sidé,‘the
thermai generation centers are determined by the technology
employed. While the problem of forming a high-low junction

' seems almost trivial, the actual technoldgy employed will de-

_ , ‘ _
termiﬁe the density of thermal geheration,States introduced
into the lattice. (This factor aleirelates to the red response
of the cell.) At the front junction, the surface récombination
velocity is determined by the heaﬁily doped portion of the
diffused 1ayer involving £hé fifst few hundred angstroms. When
one has a junction that isnonly a couple of thousand angstroms
deeper into the silicon, the reverse current'componént of the
front layer is defined. Numerical calculations will show that
for bulk resisﬁivities less than 1 ohm-cm, this component domi-
nates. The photovbltage associated with theée limitations is
approximately 600 mV at one sun..
A_.It has been recognized for some time that a photovoltage

cdntribution-arises from the reaf high-low iqnctionbfor lightly

doped substrates. However, in orde;‘to’;ncréase'the photovoltage

-22-



significantly above 600 mv; the detaile of the front junction
must pe better understood.l Clearly, this reverse current
component.is a delicate‘fuhctioh'of the detaiis.éf the impurity
concentrations and profiles. Experimental exeursions into
‘this area (using 0.2 ohm—cm substrates) indicates a basic .
instability. More precisely, the photovdltage and the fill
factor become a function of the precise surface treatment such
as chemical cleaning, type of AR coating, temperature treatments,
etc. It appears certain now that an entirely new set of para-
meters enter into the situetion. Coneerted exploration into
this new area has not been done in the paet. <
We expectla better definition of the probiem by the final
report. Increased understanding of this problem would result

in a gradually improving photovoltage.

J. Electrical‘Analysis Measurements

The.physical properties of cells fabricated. in the eourse
of this project were analyzed by both optical and_electronic
teehniques to determine the effects of experimentel alterations
of the processing technology. Measurement of photovoltaic
conversion.performance under calibrated AMO conditions.in the
simulator does not lend sufficient insight iﬁto the operation
of the various componeht'pdrtions-of the éelis. -Consequently,

measurements are also performed to evaluate optical coupling

-23-



ty 2 ohm-cm

ivi

n=4

2.5x10 6Amp

Average resist

Amp;"

-4

.5x10
ils
.6"

.5
=]
5 m

5
To1

2

n
I &
| =

@

Volt

6

Representative dark I-V characteristics observed

9.

Faonre



efficienty at the front surface, dark-current characteristics,
;; carrier lifetime near the front junctioh, and carrier life—, 
time near the rear high-iéw feflectér junctidn."Thé'Opéicai? ﬁ
coupling measurements were described above in Section E and

we shall discuss here the electronic analysis measurements.

l. Voltage-Current Characteristics

Dark current in a solar cell can be expressed for

our purposes as:

[e qV/nkT qV/KT

I =1 -1] + I02' [Q -1]

0l , .
The first term of this expression represents an excess current,

and the secqnd the ideal diffusion injection. - It may be assumed
that the excess current is.associated with fﬁermal generation
sites in the deplétion region. Ih room-température silicoﬁ'
102>) 102, which means tha# at low.Vb;tages éhe first term
dominates, but aboye a moderate voltage the @ore rapidly rising
second term-bécdmés‘larger; :

I and n indicate the deviation.of a given specimen from -

01
8
an ideal diode, and their measurement allows ‘assessment of
. : §
lattice damage associated with the front junction formation.

§

grom the slopes
¢

and interceptg of the dark log I vsV characﬁéristics for sili-

The values of:n, I,; and I,, were determined

,,,,,,,
.

con cells havéng different resistivities‘and;thiékneSSes.
Figure 9. sho@s some of the dark I-V charactéristics for 2 ohm-
_cm cells of thickness 3, 5, 6 and 7 mils. D%rk current plots

for 0.2 ohm—c@ cells having thicknesses of 1@&12 mils were shown

in Figure 4. :
' : =25~



It was noted that there is a correlation .between the
magniﬁgde»of\;he excess current 101 observed for any particu-
lar cell and the value of»thé'vbitage multiplier'in‘thevéxpdn-;,
ent, n. Although the values of these two factors can be
influenced by different crYstal damage and surface mechanisms,
there is a definite qualiﬁative correlation in practicé, as

shown in Figure 10.

2. Injection Storage Lifetime

The measured dark‘capacitanée of a pP-n juﬁction is
the sum of the depletion layer capaéitahce and any diffusion
capacitance. The diffﬁsioﬁ capacitance represents charge
storage in the form of injeéted'excess minority carriers in
transit. The charge stored is I x ¥ , where ¥ is the lifetime
of the injected minority carriers in’ the more lightly doped
region if no ohmic contact"is very-élose to the injecting
junctibn. | |

The dark storage capacitance of iﬁjected minority carriers
introduced in cells by forward bias.was-measured using a
General Radio 1656 impedance bridge. For currents above 5 x
10-4 Ampere the dissipation factor ﬁas too ﬁighito allow(
accurate bridge balancing; thereforé the capacitance was only
measured'ﬁp to lﬁx"lo_4 Amperes. |

From these meaéurements the effective carfier lifetime

could be detérmined, but since the storage capacitance was

-26-
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measured at lpw current levels where I3 I,,r it is to be
expected tha# the lifetime values derived apply to the fronf
,depletion;laYer. Therefofe, the storage capacitance measure-
ment for low current level; mainly indicates-how.well é frdnt
junction was fabriéated. Values derived from such measure-
ments are also indicated on the log I vs V_plqts in Figure 4,

and Figure 9.

3. Quantum Yield and Bulk Lifetime -

The basic purpose of this measurement effort was to
investigate a simple method for dete#mining the'efféct of
high-low junction formatioﬁ on the éffective minority carrier
lifetime. | ‘

A spectrophotometer in the Solarex laboratories is normally
used for meas?ring optical coupling propertiés as a function of
wavelength. %ince_the instrument maintains 5 relatively con-
stant input fﬁuk as a function'of wavelength; it was used to
indicate carrier losses near the back surface from the long-‘
wavelength cell response.

Experimeﬁtally, the output of the cells:exposed to a
beam with a narrow spectrum band was used aSéthe measurable
parameter. The output At any_particular wavéleﬁgth wés ﬂormal—
ized to‘the photovoltage ébggrved at 0.6 micron. These values

were plotted on top of a reference: yield versus wavelength
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family of curves derived for é semi~infinite solid from which
the minoriﬁy-carrier lifetime could be estimated, as in |
Figure 3. Iﬁvis expected'that the lifetime valqes defived

- apply to the deep bulk of ﬁhe cell and that this measurementi

indicates the performance of the back:junction electron

reflector..
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