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■XHSTHACI 

A Aimman u( ihc prucvss used at Transitron fur ihe "P on N" solar 

ci-IU .h prf«cnltil.   Ihcsc hove bwn tfuperccded by rhc more radiation resistanl 

"N on P" lypo cell«. 

Problems in oplimi/ing Ihe junction depth ol solar cells arc discussed. 

The results of diffusion experiments are presented. 

The calibration of solar cell standards and artificial light systems for the 

testing ul solar cells is discussed.   Special attention is given to the problems 

encountered in usii« a tungsten artificial light source to determine the efficiency 

of solar cells.   Experimental results are presented which validate the theoretical 

discussion. 

Results of electron bombordmeiit experiments on "P on N" and "N on P" 

solar cells are given which show the "N on P" cell structure to be approximately 

live times more resistant to damage by 2 Mev and 700 Kev electrons.* Electron 

bumbardment experiments on "N on P" cells fabricated at Trunsitron are presented 

which agree with the results obtained with the Signal Corps "N m V" tills. 

The fabrication of Transitron radiation resistant "N on P" solar cells is 

discussed and the process as developed thus far is given. 
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PIRPOSE 

The objective of this contract is to conduct research investigations leading 

to the improvement of the prnctical efficiency of silicon solar cells to twelve 

per cent or higher. This program also includes studies into methods that will 

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

more efficient   cells at the lowest possible cost for a 1 x 2 cm cell. 



XAKHMIM- 

•P ON X" CKLL F\.miC\ MUX SIMA« w> 

The "P on X" cell bbi icaiSon prucoss is preteMod In a ■Inq^ifl« 

lorn» in Table :.   Alter ihi siUcon crystal iiait Ixvn rui Into 1 X 2 X ,0> em' 

>ii. i-s M is cKaiutJ in .1 .- .lull m .. U ^.1.11«« .1 p iiasMium dlchromate,   ü o.e. 

distilled water, ai d   00 c.c. sutphui le acid, ai To^C niwinl in Uuwintt dlatllled 

water lor 5 minutes, placed in a I nurmal bulaiiun ul «udium hydroxide nl i2J0C 

for ilve minute«   .1 ii rinsed again in (luwing UiiiiilltHl water. 

The slice-, arc inpped on um- side with 1000 {jrii powder and rl 

in il >\\mii water lor ö-lü minutes.   The slices are »hen etched in an acid composed 

*! 1 part nitric acid ami 1 pan hydroflurlc acid <i .Id» unlit the surface is hinhl 

• uh «.    rho slices are rinsed in water and in alcohol ami dried. 

I he boron diiiusion is done In placing boron and GO silicon slices 

in ;i capsule which is evacuated to a pressure oi less lhan i micror -»i mercury. 

Tin- capsule is then placed in u iurnacehaving :i u mpcraiun In (ween lüun 'c 

and 1 luü c.   After a sue« cssful dirfuslon the sheet 1 c* si i   . is al>>iii i"-*..,. 

The cells are then cleaned in concenlrated hydronuric acid to   . i.i. . .mv  Mick 

which mi.ihi have accumulated ;III the cells. 

After the hi O anti-reflectan« coaling has Inn. cvnixirated »nlo 

the lop suriace t.i tl<c cells, the aluminum grid conliguniti m is evaporated 

onto the t ip sui face and alloyed in. 

The cells arc then cleaned, Ihe hack surface rough lapped, and the 

from surface masked t-. expose only the grid configuralion.   The cells are 



I 

•ubsequently eleetroleu nkkel plated on the frld and ihr •ncir» rear aurtac«.   * 

Uta cella ara fluxed, dip aoldarad and cleaned to acetone to remove 

the flux.   The edgca are acraped. and lapped to remove any iracaa of aolder or 

nickel plate.   The cells ara covered with becawax. the adgea alrl|iped of the 

wax and wiped with alcohol.   The cella are then etched in a compooltioo oi 1 

part 48% hydrofluric acid and 3 parta 70% nitric add for 30 aeconda. rlnaed la 

dlatllled water and etched again for 30 aeconda.   Thia procedure inaurva clean 

edgua and Increaasa the ahunt realatanca. 

♦The electroleaa nickel plating aolution used la daacribod la "Eleotroleaa Nickel 
P\ating for Making Ohmlc Contacts to Silicon", M. V. Sullivan and J. H. Eigler, 
Journal of The Electrochemical Society, p. 226, April 1957. 
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IM INN   iKl.1  KAHRKATION 

Silt« mtStn^e 
Crystal 1 Ohm-cm 
N-lypc 

Crystal cut to 1 x 2 x . 08 
cm3 sheets 

1 
Surface preparation i 

H.-iMi (liffu.sion 

Li 
CleaiH'd   Shut 
resistivilv measured 

1 
| SiO Coating vaporized I 

Al Grid vaporizedj 

Electrical tests 

.1 
Edges etched j 

~T~ 
Excess flux removed. 
lapiKHl to proper size 

1 
Fluxed, dip-soldered 

I Cleaned, mask 
removed 

I 
|Ma«ligl  HI p'jiitd | 

IT 
Cleaned, hack side 
rough lapped 

1 
(H ids  illnvid ID 



DIFFUSION STUDIES 

The spectral response of a solar cell is quite sensitive to changes in tht- 

depth uf ihi« Junction. For deep Junctions the long wavelength response is quite good 

because long wavelength ( I micron ) photons are absorbed well inside the bulk 

region. Consequently. If the Junction is deeper, the probabiiity that the minority 

carriers created by the long »nvelength photons will reach the Junction is increased. 

However, the liietlme of the minority carriers in the diffused region is much smaller 

than the lifetime of the minority carriers in the bulk region, so that mam of th.- 

minority carrier.-» 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 

«ill. more of the short wavelength photons are absorbed In the bulk region, creating 

minority carriers which have a long lifetime and are likely to be collected at ibe 

Junction. For solar cells which are toLbe energi/ed by natural sunlight, the small 

loss in lunp wavelength response due to the« shallow Junction configuration is of 

little toncern since the preponderance of photons are emitted in the short wave- 

length region. 

There is . unfortunately, an upper limit to the shallowness .-i the Junction. 

Thin Junctions give rise to high series resistance in the diffused layer, since the 

cross sectional area Is quite small. This situation has been alleviated to a great 

extent by the use of a conducting grid configuration on the upper surface of the cell. 

Thin Junctions arc extremely vulnerable to surface defects which occur either in 

the processing or in subsequent handling. Small surface scratches will pierce 

through the diffused layer, resulting in a low shunt resistance or high leakage. 
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Studie« hau* been mack* on ihi* relation between elluiemv yield and 

diffuaion time ( «hieh determim-it the Junetiun Ihieknes* ) at a eunatani temperature 

'The reaulta are preaenteti belo» ( Table I). and are what one would expect; nanvU . 

that with ahalluwer Junetiona the abort eireuit current Increasea due to the Inproved 

collection t (nclency of the Junction, but the open circuit  voltage decrea!ti>a becaute 

of lower ahunt reaiatance. The optimum diffuaion time aeema to be 120 minutes. 
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r.U.llil<\!!i)N   n|   Mil \H i hi l.> 

One of the mutft t-ommon problems encountered in the teüting and calibratiun 

or solar cells is the inherent mis-match between the phutm-wa\clenght distribution 
« 

• •i artificial light sources (usually a tungsten source having a color temperature of 

about  2800   K) and the phnton-wavelength distribution of natural sunlight. The 

tungsten source emits more photons of long wavelength and fewer photons of short 

wavelength than natural sunlight of equal energy intensity. Therefore, a cell having 

a particular efficiency under tungsten light of a specific energy intensity will not 

necessarily have an ichmtical efficiency under natural sunlight ol the same energy 

intensity. For example, if a cell having a weak long wavelength response, but a relatively 

strong short wavelength response is measured under a tungsten light of a specific 

energy*, it will haw a lower efliciencv than if it were measured under natural sunlight 

••f the same energy-. It would now be appropriate to describe the present melhod of 

ealibrating a standard and to discuss the disadvantages of this method. 

As a matter of convenience cell efficiency measurements are made under 

light intensity which corresponds to 1.21 gm-cal/cm2-min natural sunlight energy 

Intensity. The standard.cells arc measured in natural sunlight by employing.-» normal 

Incidence Eppley pyrhcliometcr to obtain the energy intensity of the   sun. Since the 

short circuit current is directlv proportional to the light intensity, tht- value of Uu- 

short circuit current under 1.21 gm-cal/cm"-min sun can be calculated by the ratio 

of 1. 21 to the actual energy intensity of the sun ( as read from the normal Incidence 

pyrhetlometer .) The indoor tungsten source is then calibrated from these cells bv 

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



circuit current (currcctcd (or temperature and for 1.21 gm-cal cnT-mm «unhithl 

which the standard exhibited under natural »untight   It would be convenient to say 

that now the artificial light source corresponds to natural sunlight of l.tl gm-cal. 

cm2-min. smce the short circuit current, which is a measure of the number of 

minority carriers arriving at the Junction, of the standard cell is identical to the 

1 21 gm-cal/cm2-mln sunlight value. However, this is only irue lor this particular 

standard or for eels haxing exactly the same spectral response as this standard. 

Table III shows a series of cells and their short circuit currents under 

natural sunlight intensity and the ratio of the sunlight Ise reading to the artificial 

light isc reading   It is at once obvious thai differences in spectral response between 

cells compared to one another will result in different "equivalent" artificial light 

"calibration*. depending on which eell is tsed as a standard   Unlv transfer standard}« 

having the same spectral response as the cells to be tested can be used in determining 

solar cell efficiencv under tungsten light. 

10. 



5 

i 

» .' »4 
o r» • 

« • • 

« A K x • • • 
01 f 00 

« m 
« 

N f ■ o • • 

5J 

P4 r» S 
u. • • 

51 
• 

•o 
« iO 00 

0 
• • 

n 
• 

« * 

o 1 • 
M • • 

ej (O oo 
m ü Ü 

lO 
M at 00 A 
41 • 

o 
• • 

f * 

M 
e« H «0 o | • • • 
X ^ o H 

n rt 

r* 
n 1- & 

>> 
• • • 

^" •* 

n 
t^ n o 

• • • 
00 t» H 

^ * * 

o 
N N o 

^ 
• • • 

* ^ 
^ 

1 U 
i 

CO  e',« 3 
c 
o 

1 

ig
h

t 
Is

c 
(m

^ 
di

ng
s 

fo
r 

l 
gm

 c
a
l/

cm
 

t di
ng

s 
un

de
r 

0o
K
 t

u
n

gs
te

i 
at
 a

rb
it

ra
ry

 
n

si
ty

. 
(m

A
) 

1 

•4 

| 

(0 

2 | 

n 
■I-" 9 
D 

<-> 
U55.! 

R
ea

< 
(2

80
 

se
t 

; 
in

te
 

l a 
h 
< 

11 



RADIATION RESISTANCE 

In ihe Second Serolannunl Teclmic«! Suron*n' Repon Ute re«uli« of «ewral 

experimenU Involving electron bombnrdmenl ol"N on PMand "P on N" were 

presented. It wa« «bown experlroenully Hat ihe "N on V cells, which wer« 

furnished to us by Mr. J. Mendelkorn of the Signal Corps Rosesreh and Develop- 

ment Lsboratorles.were larroore radUtion resistant than the "P on N" cells. 

Additional experiments concerning the effects of electron bombardment 

on "N on P" snd "P on N" solar cells hsw been performed using electrons having 

an energy of 750 Kev? which corresponds to the energy possessed by the majority of 

electrons existing In the heart of the Inner Van Allen bclu'The relative efficiency of 

sn "N on P" and s "P on N" cell as a function of electron bombardment Intensity Is 

shown In figure 1. The "P on N" cell had an Initial efficiency   of 11.05% while 

the "N on P" cell had an Initial efficiency of 10.7%. However, after the first 

bombardment (3.1 x 1014 el/cm2) the efficiency of the "Pon N" cell had decreased 

to 7.15% while the efficiency of the "N on P" cell after this same bombardmeni 

had decreased on ly to 9%. 

From spectral response measurements It has been found that In cells of 

comparable Initial efficiency and lifetime of minority carriers In the bulk region, 

the llfepath in the P region of the "N on P" cell is approximately 6 times larger 

♦ Produced by a Van de Graaff electrostatic accelerator. 

♦»THE GEOMAGNETICALLY TRAPPED CORPUSCULAR RADIATION 
by J. A. Van Allen, J. Geopnysical Research, 64, No. 11, Nov. 1959. 

12 
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than the lUepath in the N region of the "P on N" cell, after »ubstantial bumbardnH>ni. 

A (actor 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 lifipath of the minority carriers in the bulk region of the "N on P" cell have 

not yet been thoroughly explained. It implies a sixfold difference in radiation sensitivity 

of the lifetime of the minority carriers 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 function of electron bombardment intensity in 

figure 2. 

As a result of these experiments a program was instituted to develop 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" cells developed at Transi- 

tron . "N on P" and "P on N" cells underwent incremental bombardments of 2 Uev 

electrons and the decrease of short circuit current under low level light intensity was 

observed* The results of a typical set of experiments is sho« in figure 3. Although 

the short circuit current of the "P on N" cell was initially 14. 8   ma, the   short 

circuit current of the "P on N" cell has fallen below that of the "N on P"  cell after 

13 a bombardment of approximately only 10     electrons per square   centimeter. 
t 

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

observed during these runs. 

*   Early "N on P" cells were subject to high contact resistance and hence high 
series resistance.   Low level light intensity was used to minimize the effect 
of series resistance. 

14 
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Subsequent experiment« were performed at a more advanced stage of 

"N on P" solar cell development. Three "N on P" ami three "P on N" Transitron 

solar cells were subjected to incremental electron bombardment by 2 Mev electron« 

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

the maximum efficiency determined   Current-voltage measurements were nude 

under 2800oK tungsten light having an intensity which corresponds to solar intensity 

of 1.21 gm-cal'cm -mln. These measurements are shown in figures 4-9. The de- 

crease in cell efficiency as a function of electron bombardment intensity is shown 

in figure 9. From the curves of figure 10. it can be seen that a 25% decrease in 

cell efficiency of the "N on P" cells occurs after approximately five limes the 

radiation which causes the efficiency of the "P on N" cells to decrease by 25% 

The time lag between electron bombardments and cell measurements 

ranged between 1/2 and 70 hours. However, cells which have been electron bom- 

barded about six months ago. exhibit no noticeable change in efficiency since the 

last bombardment. Indicating that any annealing effects are negligible in the addi- 

tional six months. 

17 



C0WCLU8I0KS 

It It clear Uat further investigation into the mechanisms which are re- 

sponsible for the increased radiation resistance of the "N on P" solar ceil structure 

is absolutely necessary if theoretical and practical optimiution of the mechanisms 

are to be achieved. Such invesitgatlons are being initiated at Transitron. 

The tremendous value of radiation resistant solar cells cannot be under- 

estimated especially in the field of space technology   The electrical systems of 

present day salellltes will not function when the power output of the solar cell arrav 

(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 cell array results in 

power failure   The lifetime of the electrical power system depends on the radia- 

tion encountered, and the effect this radiation has on the solar cells. 

18 
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INTB0DUCT1QM 

During iht. carlv port of I960, the Solid Stale Divi.ioa of USASRDL undertook 

. .ludy ol the- propfrtie« of • N on P" cell.. Thin program *. under the dimtion of 

Mr   W   Cherry and J   Mendelkorn. It was found by Tranaitron and b> others that 

"N on P- eells had a greater radiation reaiatancv to high nergy eleotrcn bombard- 

ment than "P on N" eella. The threahold for radiation damage was also higher. 

These results which had been obtained in • N on P" cell. Rlven to us by the 

LSASRDL were confirmed some time later when Transitron. in agreement with 

,   the Signal Corp» decided to produce "N on P" cells under the present contract. i. 
i 

FABRICATION PROTRSR 

[ The process that we use to manufacture • N on P" evils i8 very similar to the 

one disclosed to us by J. Mendelkorn. However, some simplifications have been 

I introduced to facilitate production of mat. cells and also to allow the deposition of 

a grid contact on the N layer. 

The -N on P- cells are fabricated using single crystal P type silicon of about 

| 1 ohm-cm resistivity. The crystals are first cut into slabs 1 cm x 2 em and then 

sliced into slices 0. 5 mm thick. The surface is prepared by lapping and etching pre- 

ferentiallv as we want to have a smooth, shiny surface except under the contacts 

j where some roughness helps to obtain a good mechanical contact wth the nickel 

plating which is used subsequently. 

I 

[ 
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A two /.one furnace is used fur the diffusion of phosphorous into the P 

wafers: Ihe lemperaiuro and lime are sei lo give a Junellon depih of aboul I micron. 

The diffusion lakes place in a pure dry nilrugen (de* point - 70oC) atmosphere and 

the silicon wafers are cooled at a slow rate ( 2° C/minute) to preserve llh-unw a» 

much as possible. 

After diffusion the wafers are lapped on one side, cleaned, and etched in 

HF to dissolve the nslde layer formed during the diffusion. 

The contact on the P type bulk is made by alloying aluminum to it; this 

operation is followed by nickel plating both on the aluminum and on thr top surface 

which lias been previouslv masked to obtain a grid structure. 

After an antircflection coating is evaporated onto the wafers thev are solder 

dipped. The edges arc ground to remove any excess solder. The cells are now ready 

for testing. The process is summarized in Table III 

PRESENT STATUS 

The maximum efficiency attained at this date for "N on P" solar cells. 1 x 

2 cm, is 11.5%.However, no "N on P" solar cells have as yet been measured under 

natural sunlight, so that the efficiency is measured under tungsten light using a 

•P on N" standard cell of the same junction depths as the "N on P"  cells. This is not 

completely satisfactory because the spectral response of these two types of cell are 

different, especially for short wavelengths, even if they have the same juiction 

jcpths and equal bulk lifepaths. 
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TABLKIV 

Silicon Single Crystal 

I ohm-cm P type 

L 
Slabs I x 2 cm 

. 
I Slices . 5 mm thick 

i. 
Surtace Preparation 

1 
Diffusion Phosphorous 

Junction depth 1 micron 

T 
Kcmow back N layer 

Clean, etch in HF 

'AH 's Ikuk C'<.n:ac-t 

[Plate Nickel on 

'ronl and Back Contacta 

I 
Anti reflection Coating 

T 
Solder Dippedl 

Testing 

"N ON P" PROCESS OUTLINE 

2^ 
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I 
PLANS FOB THE NEXT PEBIOD 

Further work will be door on the labricalion process of the radiation rcsisiant 

"N on P" cells to optimize the efftciencv and radiation resistance of the cells. This 

will include investigations into the mrchnnisms responsible for the increased radiation 

resistance of the "N on P" cell structure. 

The results of proton bombardment of the "N on P" cells will be evaluated. 

and additional electron bombardment experiments will be performed 

The use of photoresist methods in the deposlion of the grid configuration 

and in the selective etching process will be evaluated. 
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COWFEHENCES 

On July 21. I960. Mr. Pierre Lamond of Traiwllron Electronic Corporation 

attended a conference at the Signal Corp« Research and Development Laboratories. 

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

On December 8. I960. Mr. Pierre Lamond attended a conference held at 

the Evans Signal Corps Laboratories where radiation-resistant, high-efficiency 

solar cells were discussed. 
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PAPERS PHESENTED 

On October 20. I9G0. Mr. Paul Borman of Transitron ElccironJc Corp- 

oration prvaentcd a paper entitled "Radiation Damage in Silicon Solar Cells Ushg 

750 Kt-v and 2 Mev Electrons", at a meeting on "Radiation Damage to Semicumluctors 

by High Energy Protons", held in Washington. D. C.. and sponsored by the National 

Aeronautics and Space Administration. 
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KEY TECHNICAL PERSONNEL 

Ik-rman. P. 

Chopra, A. 

Dale. B. 

Lamord. P. 

Mayer. 8. 

Navon, D. 

Shaw. B. 

Smith. F.P. 

Rudenberg, H.G. 

Warren.. W. 

Mr. Paul Bernwn a.,   beer, added to our staff since the publication 

of the Second Semiannual Rape : 

Paul Berima 

Recent Work- 

Recent Papers: 

1958       BA Physics. Brandcls Univ. 

1960       MS Physics. Tufti Untv. 
Thesis Subject- "The Excllon" 

Laboratory Instriclor. Re- 

search Asslsum. 

1960       TRANStTRON 

High Efficiency Solar Cells. R u««- 

tloo Damage. Radlatloo Dampfe In 

Solar Cells. RadlaUon Real suit 

Solar Cells. 

Radiation Damafr In Silicon Solar 

Cells Usli« 750 Kev snd i Mcv Elec- 

trons" 
(Meeting on "Radlatloa Di.magc to 

Semlcondu '.ora by High Fnerg;' Pro- 

tons' - Sponsored by NAJA; October 

1960) 
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