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ABSTRACT

A summary of the process used at Transitron for the P on N solar
cells Is presented,  These have been superceded by the more radiation resistant

"N on P" type cells,

Problems In optimizing the junction depth of solar cells are discussed,
The results of diffusion experiments are presented,

The ealibration of solar ceil standards and artficial light systems for the
testing of solar cells Is discussed,  Speclal attention Is given to the jroblems

encountered In using o tungsten wrtificial light source to determine the efflclency
of solur cells,  Experlmental vesults are presented which validate the theoretical

discussion. . : .

itesults of eléetron bombardment experiments on P on N and N on P

solar cells are glven which show the N on P cell structure to be approximately
[ive times more resistant to damage by 2 Mev and 700 Kev clccll'('ms.' ‘Elcetron
bombardment experiments on "N on P* cells fubricated ot Transitron iare prc.scmc(l
which agree with the results obtained with the Signil Corps N on " celis.

The fabrication of Trmsitron vadiation resistant "N on P solar celis is

discussed and the process as developed thus L is given,
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PURPOSE -
The objective of this contract is to conduct research investigations leading
to the improvement of the practical #fficiency of silicon solar cells to l\\'ol\'m'
per cent or higher, This program also Includes studles into methods that will
p

result in high yields and technlques that will permit mass production of these

more cfficlent  cells at the lowest possible cost for a 1 x 2 em cell,
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NARRATIVE

“PONN" CELL FAJRICATION SUMMAR Y

The P ua X coll laboicanon provess is presented a simphibieg
lorm dn Fable I Nter the silicon ervstal has been cut o | X2 X .08 em”
slices 10 s eleanad ia a solution o, 33 rams ol paassiom dichromate, 50 ¢, e,
disttlled water, ari 200 ¢, e, sulphune aend, m 707G rinsed 10 Howaing distilled
water lor 3 mmutes, placed o 1 anomnal solation oi sodunn hvdvoxide a° l'.{JuC
Fov aive mnutes, and rased agaim n Rowing aistlled water,

The shiecs are Bapped an one side with 1000 gvin powder aid s
- Howing water (o 5-10 munutes,  The shiees are then etehed o acwd compiused
Mol part nitrie acud and 1 par hvdestlarie acid (eold) until the surface 1s gl
ctehec, Fhe slices are vinsed 1a water and i aleohsl and died,

The Loron diflusion is duae by placing borom s 1,1 i ione. siie s
in o capsale which 1 evacumted 1 g pressare of less than | micror of meveurs.,
The capsale is then placed in o ormace hinomg o v mperature heaveen 1on0”'C
aml 1100°7C. After o successlul diftusion the sheet res sin o s abom WAY .
The cells are then eleancd m concerrated hydrotlurie aenl o conene any snade
which misht have accumulimed on the cells,

Aer the 51 Oamti-reilectis coming has been cuoprarated oo
the wap surtace of ahe cells, sthe alumimnm gri CONTRIIE B s esaparaed
onto the tp sunlace and allaved in,

The cells are then cleaned. the back suriace cough fapped, and the

ivone surkice masked 19 expose only the il confizniation,  The cells are

-~



subsequently electroleas nickel plated on the grid and the entire rear surface. .
The cells are fluxed, dip acldered and cloaned in acelone to remove

the flux, The edgea aropcnped. and lapped to remove any traces of solder or
nickel glno. The colls are covered with becawax, the odges atripped of lho
wax and wiped with alcohol. The cells are then etched in a composition of 1
part 48% hydrofluric acid and 3 perts 70% nitric acid for 30 aeconds, rinsed in

distilled water and etched again for 30 seconda. Thia procedure insurca clean

cdges and increases the ahunt resiatance.

o .
. *The electroleaa nickel plating aolution used is deacribed in "Electroleas Nickel
Plating for Making Ohmic Contacts to Silicon", M. V. Sullivan and J. H. Eigler,
* Journal of The Electrochemical Society, p. 226, April 1857,
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"IN ON N* CELL FABRICATION

N-type

Silicon Single [Electrical wslsl
Crystal 1 Oim-cm

1

cm?d sheets

Crvstal emt to I x 2 .()s_l

Lapped 1o proper size

Excess flux remoy ml.,

| Surface preparation '

l Boron (liﬂusinTl

Fluned, (lip-sol(lcrml—l

_— e —

resistivity measured

r(.Tlc:l ned, mnski
ll’v moved

Cleancd  Sheet I T ' .

Maskal, Nj p‘:umll

iSlO Coating \‘:nporim-ﬂ

Cleaned, back sude
rough fapped

L,_\l Grid \:lpurizc(q ——eea—

- I
. [Grids alloved in
L]
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DIFFUSION STUDIES

The spectral response of a solar cell is quite sensitive to changes in the
depth of the Junction. For deep junctions the long wavelength response is quite good
because long wavelength (1 wmicron ) photons are absorbed well inside the bulk
region. Consequently, if the junction is deeper, the probability that the minority
carviers created by the long wavelength photons will reach the Junction is fnereasced.
However, the difetime of the minority cavviers in the diffused vegion is much smaller
than the lifetime of the minovity carviers (n the bulk vegion. so that many of the
minority carriers created by short wavelength (.5 micron ) photons in the diffused
region do not reach the junction. By moving the junction closer to the surface of the
ceil, more of the short wavelength photons are absorvbed in the bulk region, creating
minority careiers which have a fong iifetime and are tikely to be collected at the
Junction. For solar cells which are to.be energized by natural suniight, the smail
loss in fong wavelength response due to the shablow Junetion configuration is of
little concern since the preponderance of phetons are emitted in l-ht‘ short wave-
length region,

There is . unfortunately. an upper limit to the shailowness of the Junction,
Thin junctions give rise to high series resistance in the diffused faver, since the
cross sectional area is quite smali. This situation has been alleviated 1o a great
extent by the use of a conducting grid configuration on the upper surface of the celt,
Thin junctions are extremely vulnerable to surlace defeets which oceur cither in
the processing or in subscequent handling. Small surface sceratches will pierce

through the diffused layer. resulting in a low shunt resistance or high leakage,

*



Sunlies huve been nade on the relation between  efficiency vield and
diffusion time ( which determines the junction thickness ) at g constant temperature
“The results are presented below ( Table §). and are wist one would expect: nmmeiy,
that with shallower junctions the short circuit current inereases due to the improved
collection cfficiency of the junction, but the open circuit voltage decresses becnse

of lower shunt resistance. The optimum diffusion time scems to e 120 minutes.
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CALIBRATION OF SOLAR CELLS

One of the most common problems encomtered in the testing and calibration

of solar cells is the inflerent mis-match between the phobn-wavelenght distrlbution
& *

of artificial light sources (usually a tngsten source having a color wemperature of
about 25007 K) and the phaton-wavelength distribution of naturai suniight. The
tungsten souree emits more photons of fong wavéiength and fewer photons of short
witvelength than waturcal sunlight of equal energy intensity. Therefore, a celi laving
amrticular efficieney under tungsten hight of a specific cncrgy intensity wili not

necessagily bave an identical efficiency under natueai sunlight of the same energy

intensity. For example, if a cell having a weak long wavelength response, but a reiativeiy
strong short waveiength response is measured under a tungsten light of a specific
energy, it wili have a lower efticiency than if it were measured under natural sunlight

of the same energy. it wonid now be appropriate to describe the present method of
L ]

alibrating a standard and 1o discuss the disadvantages of this method,

As a matter of convenience celi efficiency measurements are nade under
. . : : 2 .
light intensity which corresponds to 1,21 gm-cal/em™-min natural sunlight energy
intensity. The standard cells are measured in natural sunlight by emploving a normal
incidence Eppley pyrheliometer to obtain the energy intensity of the  sun, Since the
short civcuit curvent is directly proportional to the light intensity, the value of the

. . L —

short circuit current under 1.21 gm-cal/em™=min sun can be caleulated hy the ratio
of 1. 21 to the actual cnergy intensity of the sun ( as read from the normal incidence

pyrheliometer ) The indoor tungsten source is then calibrated from these cells by

adjusting the light intensity so that the short circuit current is the same as the short
. ®



D)
circult current (corrected for temperature and for 1. 21 gm-cal/cm™-min sunlighd
which the standard exhibited under nataral sunlight. It would be convenlent to say

that now the artificlal lght source corrvesponds to natural sunbight of 1.2F gm-cal/

] ¥
cm=-min. since the short civeuit current. which is a measure of the number of

minority carrlers areiving at the Junctlion, of the standard cell 18 identieal to the
1.3 ;:m-c:tl:'cm."-miu sunlight value. However. this Is oaly trae for this partleular
standard or for cells having exactly the sume specteal respanse as this standard.

Table 11 shows a series of cells and their short circuit enrrents under
natural sunlight intensity and the ratlo of the sunlight lse veading to the artifleial

.

light 1sc reading. 1t is at once obvious that differences in spectral response between
cells compared to one another will result in different “equivalent™ artificial light
“callbration”. depending on which cell Is vsed as a standard. Only transfer standards
having the same spectrai response as the cells 1o be tested can be used in determining

solar cell efficlency under tungsten light.

10,
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RADIATION RESISTANCE

In the Second Semiannual Technical Summary Reportthe results of several
experiments involving electron bombardment ol *N on P*and "P on N were
presented. It was shown experimentally that the “N on P cells, which were
furnished to us by Mr. J. Mendelkorn of the Signal Corps Research and Develop-
ment Laboratories, were far more radiation resistant than the “P on N* ceiis.

Additional experiments concerning the effects of eicctron bombardment
on “N on P* and "P on N" solar ceiis have been performed using ¢iectrons having
an energy of 750 Kev? which corresponds to the cnergy possessed by the majority of
clectrons existing in the heart of the inner Van Allen bclt...'l‘he reiative efficiency of
an “N on P” and a "P on N" ceii as a function of eicctron bombardment intensity is
shown in figure 1. The “P on N* ceii had an initial cmeicnc): of 11.05% \\:hiic
the "N on P* cell had an initiai efficiency of 10.7%. However, after the first
bombardment (3.1 x 10“ ei/cm?') the efficieney of the “Pon N* ceii had decreased
to 7. 15% whiic the efficiency of the "N on P" ceii after this same _bombardmcnl

had decrcased on iy to 9%. .

From spectrai response measurements it has been found that in ceiis of
comparable initiai efficiency and iifetime of minority carriers in the buik region,

the iifepath in the P region of the "N on P* ceii is approximateiy 6 times larger

* Produced by a Van de Graaff clectrostatic accelerator.

#* THE GEOMAGNETICALLY TRAPPED CORPUSCULAR RADIATION
by J. A. Van Allen, J. Geophysical Research, 64, No. 11, Nov. 1959,

12
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than the lifepath In the N region of the "P on N' cell, after substantial bombardment ,
A factor of 2.5 can be explained by considering the ratio of the mobility of minority
carriers in P and N type materials. The reasons for the additional factor of 2.4

in the llfepath of the minority carrlers in the bulk region of the N on P ceil have

not yet been thoroughly explained. it implies a sixfold difference in radiation sensitivity
of the lifetime of the minority carrlers in the bulk region of two cell structures.

The relative lifepath of the minority carriers in the bulk region of "N on P*
and P on N cells is shown as a functlon of electron bombardment intensity in
figure 2.

As a result of these experiments a program was instituted to deveiop radia-
tion resistant "N on P* solar cells, the fabrication of which is described in the follow-
ing section.

Experiments were performed on the first "N on P ceils deveioped at Transi-
tron. N on P" and P on N'"* cells underwent incremental bombardments of 2 Mev
eicctrons and the decrease of short circuit current under low levei light intensity was
obscerved.® The results of a typicai set of experiments is shown in figure 3. Although
the short circuit current of the P on N" ceil was initiaily 14.8 ma, the short
circuit current of the ""P on N'* ceii has failen beiow timt of the "N on P celi after
a bombardment of approximateiy oniy 1013 eicctrons per square centimeter,

These experiments were made on coated ceils. No damage to the coating was

observed during these runs,

* Early "N on P" ceils were subject to high contact resistzmc? ?nq hence high
series resistance. Low level light intensjty was used to minimize the effect

of serics resistance.

14
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Subsequent experiments were performed at a more advanced stage of
“N on P" solar cell development. Three "N on P" and three "'P on N Transitron
solar cells were subjected to Incremental electron bombardment by 2 Mev electrons.

The current - voltage curve of each cell was extracted after each bombardment and

the maximum efficlency determined. Current-voltage measurements were made
under 2800°K tungsten light having an intensity which corresponds to solar intensity
of 1,21 gm-cal/cmz-mln. These measurements are shown in figures 4-9. The de-
crease in cell efficiency as a function of electron bombardment intenslty is shown
in figure 9. From the curves of figure 10, It can be seen that a 25% decrease in
cell efficlency of the "N on P* cells occurs after approximately five times the
radiation which causes the efficiency of the "P on N" cells to decrease by 25%.
The time lag between electron bombardments and celi measurements
ranged between 1/2 and 70 hours. However, ceiis which have been electron bom-
barded about six months ago, exhibit no noticeable change in efficiency since the
{ast bombardment, indicating that any annealing effects are negligible in the addi-

tional six months.

17
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CONCLUSIONS

It is clear that further investigation into the mechanisms which are re-
sponsible for the increased radlation resistance of the N on P solar cell structure
Is absolutely necessary if theoretical and practical optimization of the mechanisms
are to be achieved. Such Invesitgations are being initiated at Translitron.

The tremendous value of radiation resistant solar cells cannot be under-
estimated especially In the field of space technology. The electrical svstems of
present day satellites will not function when the power owtput of the solar cell array
(which Is used to charge a battery) goes below approximately 75% of its initial power.
Hence. a decrease of about 25% in the efficiency of the solar ceil array resuits in
power failure. The lifetime of the clectrical power system depends on the radia-

tion encountered, and the effect this radiation has on the solar celis.
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"N ON P SOLAR CELLS

-

INTRODUCTION
During the carviv part of 1960, the Solid State Division of USASRDL. undertook

a stdy of the properties of N on P cells. This program was mnder the divection of

Mr. W Cherry and 3. Mendelkorn. It was found by Transttron and by others that
“Non P eells had a greater radiation resistance to !nl;:h energy electron bombard-
ment than P on N cells. The threshold for radlation danuige was also higher.
These results which had been obtalned in * N on P colls ghven to us by the
USASRDL were confirmed some time later when Transitron., In agreement with

the Signal Corps decided to produce “N on P celis under the present conteet.

FABRICATION PROCESS

The process that we use to manufacture "N on P cells is very simblar to the
one disclosed to us by J. Mendetkorn. However, some stmplifications have been
introduced to facHitte production of mav cells and aiso 1o allow the deposition of
a grid contact on the N layer.

The "N on P cells are fabricated using single crvstal p type silicon of abont
I ohm-cm resistivity. The crystals are first cut into slabs 1 ¢m y 2 em and then
sliced into stices 0.5 mm thick. The surface is prepared by lapping and ctehing pre-
ferentially as we want to have a smooth, shiny surface except under the contacts
where some roughness helps 1o obtain a4 good mechanical contact wih the nickel

plating which is uscd subscquently .
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A two zone furnace is used for the diffusion of phosphiorous into the P
wafers: the wemperature and time are set to give a junction depth of about | micron.
The diffusion takes pluce in a pure dry nitrogen (dew polnt - 70°C) atmosphere and
the sillcon wafers are cooled at a slow rute ( 2% ¢/ minute) 1o preserve iifetine as
much as possible.

After diffusion the wafers are lupped on one side, cicanced. and ctehed in
HF 10 dissolve the oxide layer formed during the diffusion.

The contact on the P type bulk is made by alloying aiuminum to it: this
operation is followed by nickei piating both on the aluminum and on the 1op surface
which has been previously masked to obtain a grid structure.

After an antireflection coating is evaporatedonto the wafers they are soider
dipped. The edges are ground 10 remove any excess soider. The ceils are now ceady

for testing. The process is summarized in Tabie 11

PRESENT STATUS

Tie maximum cefficiency attained at this date for "N on I solar cells, 1 x
2 em. is 11.5%.1lowever, no "N on P solar celis have as yet been measured under
naturai sunligit, so that the efficiency is measured under tungsten light using a
“P on N standard cell of tie same junction depths as the "N on P ceiis. This is not
completely satisfactory because the specetral response of these two types of celi are
different, especiaily for short wavelengths, even if they have the same juaction

Jepths and equal bulk iifepaths,
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TABLE IV

Silicon Single Crystal

1 ohm-cm P type

i

|
|

L

Surface Preparation I
. -

‘&

miﬂusion Phosphorous
Junction depth 1 micron

v
[Rcmow back N layer

l_Clc:\n, etch in HF

v
|Allo_\- Back Contact

s

Flnlc Nickel on
“ront and Back Contacts

l
IAmircl'lcclion Coating ]

Soider I)ippe(il
v
[ Testing I

"N ON P PROCESS OUTLINE
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PLANS FOR THE NEXT PERIOD

Further work wiil be done on the fabrication process of the radiation resistam
“NX on P cells 1o optimize the efficiency and radiation resistance of the cells. This
will include investigations into the mwechanisms responsible for the increased radiation
resistance of the "N on P cell structure.

The results of proton bombardment of the "N on 1" celis witl be evaluated .
and additiona] electron bombardment experiments will be performed.

The use of photoresist methuds in the depostion of the grid configuration

and in the selective etching process will be evahted.
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CONFERENCES

On July 21, 1960, Mr. Pierre Lamond of Transitron Electronic Corporation
attended a conference at the Slgnal Corps Rescarch and Development Laboratories.

At the time. calibration of standard solar cells was also discussed.

On December 8, 1960, Mr. Pierre Lamond attended a conference held at
the Evans Signal Corps Laboratories where radiation-resistant, high-cfficieney

solar cells were discussed.
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PAPERS PRESENTED

On October 20, 1960, My, Paul Berman of Treansitron Elcctronic Corp-
oration presented a paper entitled “Radiation Danmage in Silicon Solar Ceils Usig
750 Kev and 2 Mev Electrons®™, at a meeting on “Radiation Damage to Scemiconductors

by High Encrgy Protons”, held in Washington, D. C. . and sponsored by the Nationai

Aeronautics and Space Administration.
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KEY TECHNICAL PERSONNEL

Berman, P.
Chopra, A.
Dale, B.
Lamond, P.
Mayer, 8.

Navon, D.

Shaw, B.

Smith, F.P.
Rudenberg, H.G.
Warren., W.

Mr. Paul Berman nu: beex added to our staff since the publication

of the Second Semiannual Repe:

Paul Berman

Recent Work:

Recent Papers:

1958 BA Physics, Brandels Unlv.

1960 MS Physlcs, Tufts Unlv.
Thesls Subject: **The Exclton”

Laboratory Instructor, Re-
scarch Assistant.
1960 TRANS{TRON

High Efficlency Solar Cells, Radla-
tion Damage, Radiation Dumzge In
Solar Cells, Radintion Resistadt
Soiar Cells.

Radiation Damage In Stlicon Solar
Cells Uslng 750 Kev and & Mev Elec-

trons"
(Meeting on "Radiation Dr.mage to

Semlcondn:‘ors by High Energyr Pro-
tons” - Sponsored by NASA; October
1960).
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