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ABSTRACT

Thne reaults of calcuJation• of the performance of a planar p-i-n

thetmophotovo-ltaic cel! are reported. A computer program has been

,i.ten which anitatically optimizes the cell geometry. The program

allow the bulk rci•boination rate, the surface recombination velocity,

tne hole and elctron mobilities and the intensity and epectrum of

radiation iLltlivting the cell tV be chosen arbitrarily. The perform-

ance of germani, p-i-a cells is investigated fbr monochromatic rad-

iation and radiation f-am 18730 ( erbiwm oxide and black body sources.

fperimAental work leading to the fabrication of interdigitated

-:i-n thermophotovoltaic cells is described. The results of tests

evluating the performance cf fabricated cells are discussed. A series

of experimuentswe carried out to determine why the performance of these

cells was below theoretical expectat.ions.
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INTRODUCTION

This is a finaL report on the work which was performed under coxract

number DAABO7-70-C-0129. This report contains a detailed description of

the work performed from June 1, 1971 to June !, 1972 under the above con-

tract. Previous work covering the period from June i., 1970 to June 1, 1971

which was performed under the same contract has been reported in the annual

report TR ECOM-Oi29-1. This report, which will be referred to as Report

No. 1, was published in August, 1971 with the control symbol OSD-1366.

The purposes of this contract were to theoretically investigate

germanium p-i-n planar photovoltaic Lrlls, to determine the optimum

design of such cells for thermophotovoltaic use and to fabricate german-

ium. p-i-n cells which represent the present state of the art. Figure 1

showt1 a cross section view and a view from the contact side of a planar

p-i-n structure.

One of the purposes of this investigation is to determine if the

p-i-n structure has a significant advantage over the st ndard p-n photovoltaic

cell in thermophotovoltaic applications. In order to do this, the perfor-

mance of the p-i-n cell had to be analyzed under a variety of operating

conditions. This was done with a computer program which would allow the

computation of cell performance under a variety of specified incident

radiation spectra as well as a variety of materials parameters such as

surface recombination velocity, bulk recombination rate and mobility.

The computer program was described in Report No. 1.1 During the last

4 year of the contract this program has been expanded to allow for automatic

optimization of the device dimensions when the incident radiation spectrum,

t
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surface recombination velocity and the bulk recombination rate are specified.

The first part of this report deals with the results of this optimization

program.

Three distinct types of radiation spectra were selected for study -

monochromatic radiation, black body radiation at 1873 0K and radiation

from an erbium oxide radiator at 18730 K. The analysis with monochromatic

radiation is of little practical value, but it provides insight into the

performance of the cell with other radiation spectra. The analysis-with

the erbium oxide radiator is of interest, because the spectral emissivity

of erbium oxide is relatively large for photons with energies near the

direct gap in germanium and relatively small for photons with

energies well above or well below the direct gap ener6,. Thus, radiation

from an erbium oxide source can be converted into electrical energy more

efficiently than radiation from a black body source.

The second part of this report deals with the experimental program.

It contains a. description of the procedure used to fabricate p-i-n

photovoltaic cells and of the investigations that were carried out in

connection i-ith the fabrication proc :ss. The results which have been

obtained to date on the performance of germanium p-i-n photovoltaic cells

are discussed. A series of tests \Inscarried out to determine why the

performance of these cell, 2, below theoretical expectations.

In the third part of tk.e . dort the most significant theoretical

and experimental results are briefly OJscussed and recommendations are

made for future work.
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I. THEORETICAL INVESTIGATIONS

A. Introduction
-• 11

In Report No. 1 the results of the program to optimize the design

for a device illunimated by black body radiation were described. It was

clear from these results that additional optimization calculations

needed to be performed to determine the effects of various spectra as well

as the effects of changes in surface recombination velocity and bulk

recombination rate on the performance of the device. A new program was

written which utilized essentially the same approach for evaluating the

performance of the device as the program described in Report No. 11 but which

also automatically optimized the dimensions of the device. This

Automatic Device Optimization Program (ADOP) is described in the appendix.

B. Lifetime Considerations

In Report No. 1 we pointed out that in the usual operating range

for a p-i-n photovoltaic cell, the lifetime of the excess carriers will

be determined primarly by radiative recombination rather than by

recombination through trap sites. In Figure 2 we show a curve of the

excess carrier concentration as a function of minority carrier life-

time for which the rate of recombination due to recombination through

trap sites is equal to the rate of recombination due to radiative recombin-

ation. The curve is also plotted in terms of open circuit voltage which

can be correlated directly to excess carrier concentration. If the open

circuit voltage for a particular minority carrier lifetime lies above

the curve, the dominant recombination mechanism will be radiative
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recombination. If the open circuit voltage lies below the curve, the

dominant recombination mechanism will be recombination through trap sites.

Since the minority carrier lifetime for the starting material is in excess

of 2 X 103 seconds, it appears that for operating conditions which would normally

17 3be found in the operation of a. photovoltaic cell, (A"i lo electrons cMi) ) =tasirant

recombination mechanism irculd be radiative recombination. If, however, the

minority carrier life~izo in the bulk is significantly reduced during

processing (say to a value of 10 to lo0 , sec.), then the dominant recombi-

nation mechanism would not be zadiative recombination, and one should base

lifetime calculations on the usual ilall-Shockley-Reed type recombination

stat.•stics. Since the purpose of using intrinsic Pmterial is to obtain a

very high minority carrier lifetima in the bulk, we have assumed for all

of ouw calculations that the dc- in'.,.t recombination mechanism is radiative

.recombinaM.-, . !,.z z -.diCdtive ,,-•cor.:tin',tion paraueter is found to be equal

to 2.8 x 10"!- c..? 1LOc"I from fandLýental theiTiodynamic arguments6 None of

zhe devices, vnich ar- cscribed in chrpter II, were operated in the radia-

tion rccumbinatior region during perforanc,- tests, performed under this

rc etract. The reasons for tnis are discussed in chapters II and III.

The re..ulis iu. ±.- . tbet ADOI progr-.z are summarized i.. Tables I, 1%)

V and V. TV.2 ra:;ults Ao± .. A o.h, z.•_'.. radiation iiill be analyzed in con-

".zierublc t&:.±. '.y of ,.h. _, icluzion.u 2Aawn frcm these results will be

applicable to t'c.,; cl.Axl'.ed foe" bl.,c% bod4 radiation and radiation

frcra an erbr o,,id .:c;.ir'ao.

1. 11onochrcrn'•"+:- r-4*'-rio,

The r forv: ,-f tlh ,,-i-a c2J. been nnrl.,zcd for three different

" ? �'avelnhs of r i' o 1,rcjr.tic i-ra 1i*to.. The iav~lengths were chosen so that

1 their absorrticn I ` ,AIhr woeid v-4ry ov ur aP -ang . of values which would be
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wa.•roximately equal to realistic values of device thickness (x) The

three wavelengths chosen were 1.50 1m, 1.54 um and 1.60 im with respective

absorption lengths of 2.3 am, 21 0m and 104 ,m. An absorbtion length

is defined as the distance into the germanium at which 63% of the incident

radiation has been absorbed.

The results of the output obtained from the ADOP program for mono-

chromatic radiation are summarized in Table I, and Figure 3. The spacing

between contacts (LI) is fixed at 25 km. The maximum current collectable

per unit area of illuminated surface, if every photon capable of generating

2a hole-electron is absorbed (CUaDOPT), is fixed at 5 amps/cm . The following

observations can be made from the results in Table I:

1) When the excess carrier concentration is very large, the optimum

device thickness is determined primarily by two conflicting factors. The

device should be as thick as possible in order to absorb as much of the

incident radiation as possible. On the other hand, as the device gets

thicker the volume in which recombination can take place increases, while

the relative increase in the number of photons absorbed tends to become

smaller. Therefore the excess carrier concentration must decrease. This,

of course, results in a reduction of output voltage.

The dependence of open circuit voltage and short circuit current

on device thickness is shown in Table II. The data in this Table is

obtained from the output of the program from which device 11 was op-iJrizecl.

Note that as XO increases, the open circuit voltagt; and maximum power

point voltages decrease, while the short circuit current and maximum power
point current increase.

In cases where VSB and VST are both 0 (devices #1., 11 and 20), the

optimum thickness (XO) is roughly four absorption lengths. About 90%

of the incident photons are absorbed in four absorption lengths.
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TABLE I1

Dependence of Output Parameters ou Device ThIckness
X 1.54 am

U~50iD P~7 ~ "'SB "ý ST = 0

Y- VOC CURDSC VAYXOT CMUXPOW PMAXPOW
(L;M) (volts) (S=p S-2) (vo7,ts) (amp M"2) (watt cm-2)

25.0 .5186 3.475 .4441, 3.274 1.454

31.5 .5127 4.158 .4385 3.913 1.716
50.0 .505 4.535 .4334 4.263 1.848
6?5 ,5029 4.743 .4289 4.455 1.911

75.0 .4988 4.858 .4249 4.558 1.937
8i.5 .4951. 4.921 .4213 4.614 1.944
100 .4918 4.956 .4.81 4.642 1.941
125 .4861 4.986 .4124 4.661 1.922

150 .4814 4.995 .4077 4.661 1.900

175 .4773 4 .997 .4035 4.656 1.879

200 .4738 4.996 ,3999 4.648 1.859

The FORTM variables given in this table ,,re defined in Table XIV
The data in obtained frcm the ouitput of the p-ogram frcm which device l1
oof Table I vIs op;4imzed.

4'
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2) In cases where VST and VSB are both 0 (device #1, 11 and 20),

PMAXPOW increases as the absorption length decreases. This is because

the optimum value of XO is smaller a-d therefore the volime in which

excess carriers are gene•.•ted is smaller. Hence, the number of carriers

generated per unit volume is greater, and 'he open circuit voltage

developed at the contacts is greater. This ionclusion can be collaborated

by a comparison of open circuit voltages for devices 1, 11 and 20. Note

that the relative variatioa in open circuit voltage is much greater than

the relative variation in short circuit current.

A second advantage resulting from larger excess carrier concentrations

is a reduction in the resistivity of the bulk and, therefore, a reduction

in ohmic loss due to the flow of current oetween contacts. However, this

effect is almost negligible for thi- large excess carrier concentrations

in devices 1. 11 and 20.

3) It would appear that the optimum contact widths LN and LP exhibit

a strong dependence on the surface rrccmbination velocity. For instance,

in the case of devices 2 and 3, a si.. increase in the values of VSB

and VST from 0 to 10 cm sej causes tir., optimum value of LN to change

from 31 jm to 119 ý= and the optimum value of LP to change from 51 •m to

201 tm. These changes, however, are not significant; for even though

the optimum contact sizes change great.2j the output power is quite

independent of contact sizes £6or sma.Ul Nlues of surf~ce recombination

velocity. This is shown for devices 2 ltmd 3 in Table III. These devices

are illuminated with radiation of a 1.50 . wavelength. The output power

shows similar lack of dependence on LN aW• L" for samples illumxuted with

radiation of other wavelengths when surf. .e recombination velocities

are small.
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TABL IM

-Variation in M~xiz--,m Qower Output for Different Contact Widths

(Devices 2 and 3 from Table I)

XO = 50 1m

VBS VST LN LP PYAXPOW

(cm sec ) (cm sece) (.) ((i) (watt cm-)

0 0 30.6 51.0o z.o49

5 ]O 2.048

25 100 2.048

12.5 50 2.048

25 37.5 2.o49

10 10 118.7 2-00.9" 1.963
150 250 1.962

250 oL.96o

50 200 1.961

150 150 1.962

*01ptzized dimensions.

:- LA
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4) As VSB increases while VST is held constant at 0 (devices 9, 30,

18, 19, 27 and 28), there is a tendency for LN and LP to increase. The

effect of increasing LN and LP while holding LI constant is to decrease

the fractiorn of the unilluminated sur7face which is subject to surface

recombination. Thus, fev-er excess carriers are lost duj to recombination

on the unilluminated surface. This tendency for th}.: contact size to

increase is counterbalanced by an increase in th - series resistance in the

device as the average distance between the center of the p contact and the

center of the n contact is increased. Thus, as the recombination velocity

on the rear surface increases from a val.t of zero to a larger value, we

observe LN and LP increasing until the series resistance begins to dominate.

5) In cases where VST is increases while VSB is held at 0 (devices

15-17 and 24-26) there is a tendency for the device thickness to increase

slightly until VST exceeds 1,00 cm/sec. The tendency for the optimum device

thickness to increase cePA be atc.ounted for by realizing that as the surface

recombination velocit, incrases the relative importance of bulk recombina-

tion velocity dec'.•ases. An XO increases, the average excess carrier densit

decreases. Thiro In tun, 4ecreases the total recombination. Increasing

XO also increztser the number of carriers generated, alt!ough the effect is

quite small. when XO is greater than three absorption lengths. As the excess

carrier concentration decreases, VOC decreases. Thus, the optimm value

of XO represents the best compromise between these competing needs. The

optimum value of XO will change as the relative importance of the surface

recombination cdanges.

When the sur~face reccmbination velocity exceeds 100 cm sec"I, the

optimum thickness tends to decrease. This is because the excess carrier

cuncentration becomes low enough to invalidate the assumption that the
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excess carrier distribution is fairly uniform in the bulk region. Since

most of the excess carriers are generated wito.n vie absorption length

of the illuminated surface and since these cuix.iers must diffzo to

the contacts to be collected, the excess carri-.' ;i-ncentration in th,)

region of the contacts tends to be significantly less than tho average

excess carrier concentration in the bulk region when %xe is an

appreciable current flowing through the contacts. Thus tve maximum power

point voltage will tend to be significantly reduced. The device tends

to become thinner to minimize the reduction of excess carrier conL~uitection

in the region of the contacts due to the diffusion gradient.

6) In cases where VST and VSB are held equal (devices 2-5, 11-14

and 20-23), the effects of surface recombination occuring ou the illuminated

surface only and on tht unilluminated surface only are combined. Thus,

LNi and LP increase as VSB increases to 100 cm sece1. and (for devices

11-14 and 20-23) XO increases as VST increases to 200, but starts to

decrease as VST increases to 1000.

2. Radiatiou from an erbium oxide source

The results obtained from the ADOP program for devices illuminated

with radiation from an 1873 0K erbium oxide source are summarized in Tables

IV and V. The current-voltage curves of these devices are plotted

Figures 4sri6. In general the observations made for devices illuminated

with monochromatic radiation are applicable to these devices.

For an idealized device (device 29) the conversion efficiency is

14.70. If VST is held at 0, very little drgradation of output power

occurs ?or values of VSB smaller than 100 cm sec. On the other hand, if

J VSB is held at 0, there is a significant degradation in the output power

L
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as VST is increased from 0 to 100 cm sec . This is because the area of

the illuminated surface is much greater than the area of the portion of

the unillumninazed surface between contacts.

For devices where the surface rtcombination veloc-tv is the same on

both the illumiiated an unillminates surfaces, the majority of the

surface recombinations occur on the illuminated surface. However, it is

expected that during procesasing it will be more difficult to maintain low

surface recombination velocity on the unilluminated surface. Therefore,

the total number of recombinations on either surface should be of

comparable magnitude.

Some of the results of Table 1V have been plotted in Figure 5. As

would be expected the output power increases faster than a linear rate

with increasing incident radiation intensity. However, because the radiativ.

recombination increases as the square of the excess carrier concentration)

the rate of rise in output power with increasing intensity is not as rapid

as would be the case if all recombination occurred through trap sites.

The effect of recombination through trap sites is shown by the results

summarized in Tablc V These results are plotted in Figure 6. It is

interesting to note •haý t.,e open cic-ui- voltages of d.vices 49 and 50

are preateI than t'w open ctrcuit voltag-g of device 29. This is because the

recombina:,ioi rate tends t(, vcry Uinearly i,.ith the excess carrier concentra-

tion (6/. ) rath,:r than with thv square of the excess carrier concentration

2
("n ). Therefore, &.s the J•vic b.cc,rtes thirner, the~relative increase

in exceus carrier conccntratIon and open circuit voltage will be greater.
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Consequently, the optimum thickness will tend t5o be smaller and the open

circuit voltage will tend to be greater.

3. Radiation from a black body source

The results obtained from the ADOP program for devices illuminated

with radiation from an 1873°K black body are summarized in Table Vj. In

general, for the same value of CURDMAX, the optimum device dimensions

occured at slightly larger values for black body radiation than for erbium

oxide radiation. The conversion efficiency is also lower because a larger

portion of the radiation energy is in unfavorable portions of the energy

spectrum. Device 52 (Table VI) has a conversion efficiency of 12.7% when

illuminated with 18730K blackbody radiation while device 29 (Table IV)

has c conversion efficiency of 14.7% when illuminated with 1873% Er 2 03

radiatiorn. In both cases the value of CURDOPT is 5.0 ams cm"

.= .

Ig
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II. EXPERIMOCAL INVESTIGATION$

A. Introduction

The discussion of the experimental ifork will consist of the following:

(1) a brief description of the device fab. ication process; (2) a detailed

description of investigations involving the fabrication process; (3) a

discussion of the performance of devices that have been fabricated, and

(4) a listing of the deficiencies which exist in devices that have been

fabricated and a description of testa that have been carried out to

isolate these deficiencies and measure their effects.

B. Description of Device Fabrication Process

The steps involved in fabricating a TPV cell are given below.

1. An intrinsic germanium wafer is chemically polished on bath

sides.
2

2. An Insulatin& film is depos 4 ted on both sides of the wafer,

3. A pattern for the formation of the n contact is etched in the

insulator on one side of the wafer.

-.4. Metal(s) for the n contact is vacuum evaoprated on the wafer.

5. The metal(s) is etched so that it covers only the portion of the

wafer on which the insulator has been etched. (See Figure-.)

6. A pattern for the formation of the p contact is etched in the

insulator.

7. etal(s) for the p contact is vacuum evaporated on the wafer,

C•j
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8. The metal(s) is etched so that it covers only that portion of

the wafer on which the insulator has been etched for the p contact.

9. The contact metals are allojed to the germanium. (See Figure 8.)

During the course of the experimental work some devices were

fabricated according to the above procedure. A number of variations in

this procedure were investigated, and a variety of insulating films and

contact metals were investigated.

N contact
metals Insulator

germni~u m

Inutlator

Figure 7. Partially Fabricated p-i-n Theruaotovoltaic Cell

n contact p contact insulator

intrinsic geraniim

illuminated
surface

Ifi&ure 3. Completely Fabricated p-i-n Thermophotovoltaic Cell



C. Experimental Investigations of the

-Fabrication Process

I. Insu•ator deposition

The insulators whicih h1ve been investigixted are W~rolytically

deposited silicon dioxide and vacuum deposited aluminum oxide.

Silicon dioxide depopulatioii.-- It iu desirable to carry out device

processing at the lowest possible ten1pcrature in order to prevent diffusion

of lifetime destroying impirities into the germanium bulk. Therefore, an

Investigation was carri:d out. ic order to determine the lowest possible

temperature at which the silicon dioxide could be deposited. A reasonably

fast deposition (900 9/min) could be dotained at a temperature as low

as 3100C.

A method of device fabrication was proposed in Report No. 11 in which

the p contact was formed before the n contact. Aluminum was to be used

for the p contact. After the alitninum was deposited, etched and alloyed,

silicon dioxide was deposited on top of the aluminum. Windows for n

contacts were then etched in the jilicon dioxide, and metals (gold and

antimony) f;!, the n contr-ct wre sul ý%quently evaporated and alloyed.

The necessity of etching tho n contact metals was to be eliminated

because of the insulatiag layt.- between the aa-arinum and the n contact

metals.

The results of wttc•cf.,s to fabricate devices with the above described

procedure were as follows: In cases where the silicon dioxide layer

was deposited on top of thi aluminum contact at 3600 C, the p wad n contacts

were invariably shorted. Fitrthermorm, the silicon dioxide invariably

cracked on the aluminiva cnce the thickness of the silicon dioxide exceeded

0 o
2000 A. Devices for which the silicon dioxide was deposited at 425°C

were occasionally worltable.
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Aluminum oxide deposition.-- An investigation was carried out to

determine if vacuum evaporated aluminum oxide could be used as an

insulating layer' between contacts. It was observed) however, that,

while aluminum oxide appeared to cover the top of the aluminum contact

well, it did not cover the contact edges.

Photoresist problems with SiO films.-- The positive photoresist
A *

AZ-1350 is generally used during the device fabrication. When this

photoresist is used on pyrolytically deposited silicon dioxide, it is

necessary to take certain precautions.

First of all, the developer which is normally used with this photoresist

(AZ-1350 Developer*) contains an abundance of sodium ions. Since silicon

dioxide is highly pe.rmeable to sodium ions and since it is feared that

these ions will have a detrimental effect on the surface recombination

velocity, it is desirable to use the developer XP-7110-1.

Secondly, AZ-1350 has a tendency not to stick to pyrolytically

deposited silicon dioxide, and, thereforeit is necessary to take extra

precautions to insure adhesion.

2. Contact formation

In order to avoid excessive leakage of minority carriers through the

contacts, it is necessary that the contacts be very heavily doped and

fairly thick. The requirement of low temperature processing rules out

'tth• use of high temperature diffusion techniques because of the danger of

diffusion of lifetime destroying impurities into the germanium bulk.

Heavily doped contacts can be obtained with alloying techniques, but in

order to obtain sufficiently thick regrowth regions, it is necessary

either to alloy at high temperatures or to deposite rather thick films

Mfg. by Shipley.
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of' contatt' Metals (lamor thicker). Experimehtal investigations have

shown that the thickness of vacuum deposited films is limited because

of the effedts of surface tension in the filuis. The increased surface

:tension of thick films has tw6 adverse efects: (1) There is a tendency

for the films to ball up or develop craters during the alloying process.

-(2)'The adhesion of the films is poorer.

n contacts

Kim has investigaw. ' several combinations of metals for forming

alloyed n contacts and has found that the best results were obtained

when gold was used as a carrier with arsenic and antimony being used as

dopants. For this reason investigations were carried out in which these

metals were to be used to form alloyed n contacts. It was discovered

that vacuum deposited films of gold and antimony adhered very poorly

to geremanium, and, therefore, it was impossible to etch these films with-

out removing them from the germanium. Because of this adhesion problem,

several attempts were made to build a device without having to E-tch the

gold-antimony film. The first of these attempts is described on page

The second attempt was identical to the first attempt except that the

,position of silicon dioxide on the altuninum contact pattern was ommitted.

Instead, a second layer of aluminum was evaporated and etched to cover the first

layer of aluminum. After the gold-antimony film was evaporated, it was

alloyed to the germanium '.t a temperature below the aluminum-germanium

eutectic . It was hoped that the unalloyed aluminum film would not be

affected by the gold-antimony layer on it during the alloying process.

Then the alloyed gold-antimony film (which would stick to the germanium

during the photo etching process) could be etched to separate the n contact
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from the p contact. It was evident, however, that the gold-antimony film

had interacted with aluminum film dur'.ng the alloying process.

The proposed steps in the third attempt to fabricate a device were

a; follows: (1) Silicon dioxide would be deposited on both sides of a

germanium wafer. (2) A pattern would be etched in the silicon dioxide

on one side of the wafer through which the n contact would be formed.

(3) Gold and antimony would be evaporated and alloyed to form the n

contact. f4) The gold-antimony film would be etched so that it would

remain only in those regions of the device on which the n contact P&ttern

had been etched through the silicon dioxide. (5) A p contact pattern

would be etched. (6) An aluminum film would be deposited and etched so

that it would cover only the p contact region. (7) The aluminum would

be alloyed to the germanium.

After the gold-antimony film had been alloyed [step (3)], however,

large areas of balled-ap gol-1-antimony alloy formed on the silicon dioxide.

When step (4) was carried out, it was observed that the photoresist broke

down before the thick balled-up regions could be completely etched.

An unsuccessful attempt was made to improve adhesion of gold to

germanium by evaporating a mixture of gold and germanium simultaneously

on a germanium wafer.

Eventually it was discovered that gold would adhere extremely well to

germanium if the gold were evaporated immediately after the germanium

surface had been subjected to an argon ion etch.

The ion etch is carried out at an argon pressure ranging from 50
microns to 10 microns while the vacuum system .s pumping down the pressure.
The duration of the ion etch is about 30 see. The germanium wafer is in
good electrical contact with a cathode that is maintained at a voltage
of 600 volts D.C.
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Several methods of "etching" the gold antimony films were investi-.

gated. These methods are described below:

Chemical etching.-- While chemical etching is procedurally complicated,

it invariably produces sharp etches and can be used with relatively thick

vacuumm deposited films.

Ultrasonic "etching'.'-- Aithough gold sticks very well to ion etched

germanium, it does not stick at all to silicon dioxide. Therefore step

5 of the procedure outlined in section B (page 24 ) can be carried out

by removing the gold-antimony film from the silicon dioxide with a rigorous

ultrasonic cleaning. Although this method of "etching" is procedurally

simple, it has two disadvantages: (1) It does not produce as sharp a

pattern as chemical etching. (2) It tends to become less satisfactory as

the gold-antimony film becomes thicker. This is because the adhesion of the

film to germani.um becomes poorer.

Photoresist lift-off"etching:-- A third method of "etching" can be

carried out as follows: (1) A photoresist pattern is developed on the

wafer. (2) The metal film is deposited. (3) The photoresist and the metal

film on top of it are strippxd from the wafer, leaving a metal pattern

which complements the photoresist pattern.

This method of etching has three disadvantages: (1) It does not

pr:oduce as sharp a pattern as chemical e*6cting. (2) It does not work

for films that are too thick. (The photoresist won't lift off thick films.)

(3) It is inherently dirtier than chemical or ultrasonic etching.

The advantage of photoresist lift-off etching is that the problem

of etching the second metal contact pa~tern w-thout attacking the first

is eliminated.



A device was built using lift-off etching techniques. The processing

_I steps were as follows: (1) Silicon dioxide was deposited on both sides

of a wafer. (2) Both p and n contact patterns wexe etched in the wafer.

(3) A photoresist pattern was developed which left only the p contact

region uncovered. (4) An aluminum film was deposited. (5) The photo-

resist and the aluminum film above it were stripped from the wafer. (6) A

photoresist pattern was developed which left only the n contact region

uncovered. (7) Gold and antimony were deposited after an ion etch. (8) The

photoresist and the gold-antimony film above it were stripped from the

wafer.

Arsenic doped contacts.-- Investigations were caitied out in which

arsenic was used with gold or gold and antimony to form alloyed n contacts.

Two noteworthy observations were made: (i) Arsenic-gold and arsenic-

antimony-gold film tended to stick fairly well to germanium, provided that

the arsemic was evaporated first. However, the films did not stick as

well as gold antimony films of comparable thickness which had been deposited

after an argon ion etch. (2) Alloyed arsenic-gold films tended to ball

-• up much more readily than arsenic-antimony-gold films of comparable

thickness.

Other combinations of metals have been investigated for n contacts.

These investigations are discussed later.

p contacts

Aluminum has been thnroughly investigated as material fo. forming

) p contacts because of its very high solid solid solubility in germanium.

Thick films of aluminum (of the order of 10 pm) have been investigated

because of the need to fcrm thick germanium regrowth regions during
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the alloying process. Because of the long time required to etch these

films, the photoresist would break dowx4 and pin holes would develop in

the aluminum film. Experiments were conducted with various etchants and

etching techniques to eliminate this problem. It was determined that

photoresists would hold up satisfactorily if the film was etched in

warm aluminum etch ( approximately 40°0C).

Experiments have beei. conducted to determine if the adherence of

aluminum films could be improved by an ion etch, (although aluminum

films generally stick well without ion etches). The results indicate

that the adherence of aluminum is improved slightly by an ion etch.

Other metals and combinations of metals have been investigated as

materials for forming p conta .ts. The results of these investigations

as well as the results of more detailed investigations of aluminum will

be discussed in the following section.

Alloying

Ar. extensive series of investigations was carried out in which

various metal films and combinations of metal films were tested for

possible use as p or n contacts. The metallic films were alloyed to

the germanium at various temperatures and were angle-lapped and stained.

The quality of the films was judged or, the basis of the smoothness of

the crystal regrovwth region in the germanium.

Junction staining solution.-- Some preliminary tists were carried out

in order to select a suitable Junction staining solution. Aluminum balls

were alloyed to germanium substrates to form thick heavily doped

regrowth regionsin the germanium. The substrates were lapped through the

alloyed region and stained with various solutions. The best results were

The composition of aluminum etch is given In Table VIII.
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obtained with a 30 second stain in a solution consisting of 20 parts

HF to one part HNO 3 .

Alloying technique.-- All metallic films were vacuum deposited on

chemically polished germanium substrates which had been cleaned ultra-

sonically in methanol, acetone and trichlorethylene and exposed to an

argon ion etch.

The alloying was done in an alloying system in which the substrate

was placed between two carbon heater strips. Tbe heater strips could

be heated independently, and thus the sample could be alloyed in a temperature

gradient. The spacing between heater strips was about a half millimeter.

The sample was placed on the lower heater strip with the surface on which

the metallic film had been evaporated Icing upward. The temperature

of the upper strip was maintained about 10OC higher than that of the

lower strip. The alloying temperatures given in the following discussions

are those of the lower substrates.

The samples were heated at a rate of about 10 C sec7. A cooling rate

-1
of about 50 ¢ sec was begun immediately after the alloy temperature had

been reached. All nlloying was done in hydrogen.

Aluminum films.-- Aluminum fiMms approximately one micron thick

were deposited on germanium substrates. The films were alloyed at

temperatures of 450°C, 500'. cnd 700°C. The samples were angle-lapped

and stained. In the samples which were alloyed at 5OO°C and 7000C, the

regrowth regions were extreme2!y irregular, and there was no perceptable

SAccording to Eerlisse> the regrowth region in the germanium substrate
tends to be smoother when the temperature of the alloy melt is maintained
above that of the germanium substrate.
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regrowth in the sample which was alloyed at 4509C.

There was also a tendency for craters to form on the alloyed

aluminum film. There was no perceptable regrowth in germanium regions

under these craters.

Indium films.-- An indium film approximately one micron thick was

deposited on a germanium substrate and alloyed at 65o0C. The film balled

up badly during the alloying process, and regrowth was visible only

under the balled up regions.

Aluminum on indium films.-- indium films (approximately one micron)

followed by aluminum films (approximately one micron) were deposited on

germanium substrates. The films were alloyed at 6500C, 500°C, 4500C

anid 3500 C. The regrowth region of the film alloyed at 6500C was fairly

smooth, but it got progressively more irregular for the films alloyed at

5000C and 4500. The regrowth region was quite smooth for the film

alloyed at 350°C. This was probably due to the fact that the alloying

temperature was below the germanium-aluminum eutectic (424°C) ,and, there-

fore, the aluminum film did not liquify during the alloying process.

The "cratering" effect dcscribcd in the discussion of aluminum films

also o-cured for these films. The craters tended to get progressively

smaller at lower temperatures and were imperceptable for the film alloyed

at 3500C.

Antimony on gold films.-- Gold films (approximately one micron)

followed by antimony films (approximately one half micron) were evaporated

on germanium substr-etes. The films were alloyed at 7000 C and 5250C.

The films balled up badly during the alloying processesand regrowth was

visible only under the balled uo regions.
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Antimony films.-- About three microns of antimony were evaporated

on a germanium substrate and alloyed at a temperature of 70O°C. The

antimony balled up very badly during 1te alloying process, and no regrowth

was visible in the germanium.

Tin-antimony-tin films.-- Some samples were prepared with a vacuum

deposited film eonsisting of two layers of tin with a layer of antimony

between them. The first and second layers of tin were approximately one

half and one micron thick, and the antimony layer was approximately one

half micron thick. The samples were alloyed at 4.75 C and 6500C. The

regrowth regions were quite smooth and regular.

Conclusions.-- The most promising junctions for p contacts were

obtained with the indium-aluminum films. The most promising junctions

for n contacts were obtained uith the tin-antimony-tin films. An attempt

was made to fabricate a device using these films. It was discovered,

however, that the adhesion of the films was not good enough.

An attempt was made to form tin-antimony-tin contacts on a device

by alloying the film before etching it. Silicon dioxide was deposited

on both sides of a wafer and was etched un one side to form an n contact

pattern. A tin-antimony-tin film was evaporated and alloyed. But during

the alloying process, the film balled up badly on the silicon dioxide, and

apparently the surface tension -ýreated In the balled up regions on the

silicon dioxide 4w large enough to cause the film to also ball up in

the contact region,

further investigations need to be carried out to determine the

maximum thicknesses of indium-aluminum filris and tin-antimony-tin films

that will stick well enough to g-rmaniun to withstand ultrasonic cleaning

and photoprocess ins'.



Contact buildup

Since the thermophotovotAiic cell is designed for very high intensity

illumination, rather large currents will be collected at the contacts;

andý consequently,it is necessary that the resistance in the contact

fingers be quite low. Therefore, investigations were carried out in which

the resistance of the contact fingers was reduced by plating relatively

thick (10-20 micron) films of gold on the contacts.

Attempts were made to plate gold directly on the alloyed aluminum

and gold-antimony contacts of a ccmpleted device. The gold plating on

the aluminum, did not stick at all. The gold plating on the gold-antimony

contact appeared to stick reasonably well, but the plating on the gold-

antimony fingers bridged over to the aluminum fingers in several places.

The following method of building up the contacts satisfactorily

eliminated the bridging over problem and permitted a buildup of bcth

aluminum and gold-antimony contacts: (1) Very thin chrome and gold

films were evaporated over the contact surface of the device. (2) A

relatively thick gold film was electroplated on the vacuum deposited gold

film. (3) The chrome-gold film ws then etched to separate the P and N

contacts. The chrome film as evaporated to form an adhesive layer with

the aluminum; anWi the gold film was evaporated subsequently without

breaking vacuum in order to prevent oxidation of the chrome film and thus

insure the adhesion of the electroplated gold film. It is desirable to

build up the contacts with electroplated rather than evaporated gold,

because thick films of evaporated gold would produce an appreciable

amoumt of surface tension. This surface tension would cause stresses

in the germanium which could significanrly reduce lifetime.
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3. Fabrication problems

Compatability of etchants and processing chemicals.-- A variety of

chemicals and etchants are used in the process of fabricating a device.

Soe of the etchants which are quite satisfactory for etching the metal

or insulator for which they are meant will attack other areas of the

device. The fabrication process must be carried out in such a way that

this doesn't happen. Table V1 lists some of these chtemicals and etchants

and their effects on metals and insulators that are used in the fabrication

process. The compositions of the etchants listed in Table VIE are given

in Table VIA

Problems with gold contacting aluminum.-- The following process was

used to fabricate the devices which were evaluated in the tests in section

II-D: (1) Silicon dioxide was depositied on both sides of a wafer. (2) A

pattern for n contacts was etched in the silicon dioxide. (3) A gold-
*

antimony-gold film was deposited and etched to form the n contact. (4) A

pattern for p ccntacts was etched in the silicon dioxide. (5) An

aluminum film was ceposited and etched to form the p contact. (6) The

contact metals were alloyed to the germanium.

A pi iblem occured in step (5). Normally it is necessary to heat the

device to a temperature of about 1000C for a period of about 30 minutes

during the photoetching process. This heating period caused the aluminum

to react with the gold. A method of photoprocessing without heating the

device was developed in order to eliminate this effect.

The film consisted of two layers of gold with a layer of antimony
p between them.
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TABLE V31

Effect of Chemicals and Etchants on Metals and Insulators

Metals & Insulators

0K
.0

0 0r z4 .4 % I $ ,i .
7. =o 4 w

Silicon Dioxide Etch 4 1 1

Aluminum Etch 4 4 1 1 1 4 3

Gold Etch 2 4 IA 1 4

Antimony Etch 1 4 2 1 1 1 1 1
410
a Chrome Etch 4 4

-H Nitric Acid 4 4 2 1 2 1

J-100 4 4 4 4 4 3

Water 2A

1. Etches rapidly.

1A. Does not attack aluminum but lIfts of the aluminum by
attacking the germanium surface under the aluminum film.

"2. Etches slowly

2A, Causes flaking of film after several days immersion.

3. Has a discoloring effect.

4. Has no apparent effect.

I.
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TABLE VI3

Etchants used in Device Fabrication

-Silicon Dioxide Etch: 104 mýi Hydrofluoric acid

454 gm Amnonium Fluoride

682 ml Water

Aluminum Etch: 380 ml Phosphoric Acid

15 ml Nitric Acid

75 ml Acetic Acid

25 ml Water

Gold Etch: 27 gm Iodine

60 gr Potasium Iodide

600 ml Water

Antimony Etch: 3 parts Nitric Acid

1 parts Hydrochloric Acid

6 parts Water

Chromi Etch: 27 gn Cerium Sulfate

100 ml Nitric Acid

10J0 ml Water

•'
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4. Heat sink fabrication and device mounting

A photograph of a finished device mounted on a beat sink is shown

in Figure 9. The interior of the heat sink is hollow. Cooling water

enters and exits through the openings at opposite ends of the heat sink.

The portion of the heat sink under the device is milled to a thickness of

1/16 inch. The milled surface is left unfinished to facilitate the

conduction of heat between the surface and the circulating water. The heat

sink is anodized in sulfuric acid to form an insulating layer of aluminum

oxide approximately 5 ,m thick. The milled out portion is sealed at the

'oottom with an aluminum block which is epoxied on with stycast 285OFT .

Banana jacks are soldered on two copper contact Pis-s wiich are epoxied on

opposite sides of the heat sink with Stycast 2850FT*

The device is epoxied to the heat sink with Stycast 285OFT used with

the catylist 24 LV. First of all, the device is mounted (the illuminated

surface facing downward) on a glass slide with beeswax. The glass slide

provides mechanical support. The device is then epoxied to the heat sink

with the p, and n contact pads extended over opposite edges of the heat

sink. After the epoxy has cared the glass slide is removed by melting

the beeswax, and the beeswax is removed with trichlorethylene. Finally

the contacts on the device are soldered to the contact plates with Indalloy

Solder #8 used with Flux A2.

Manufactured by Emmerson Cumming.

Manufactured by the Indium Corporation of America.
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Pin Cell

/1' zAnodized
b NO Aluminum

Heat Sink

't Cooling

Water
Connection

Figure 9\ Electrical Connection

p-i-n Cell Mounted on Water

Cooled Heat Sink

5. Evaluation of heat sink performance.

The following experiment was carried out to estimate the degradation in

the performance of heat-sinked cells due to the heating effect of the 9.95

watt-cm-2 illumination source: A shutter was inserted between the cell and

the illumination source to prevent heating of the cell. The I-V characteristics

of the cell were monitored on a curve tracer. A series of traces on the curve

tracer was photographed immediately after the shutter was removed. The

effect of heating could be determined by observing the degradation in the

I-V characteristics on the photograph of the traces.

In cases where there was no fluid circulating through the heat sink, a

very significant degradation occured in the cell performance. In cases where

there was water circulating through the heat sink, however, the degradation

was practically imperceptable.
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D. Performance of Fabricated Devices

Some devices were fabricated with the process outlined pages 24 and

25. The open circuit voltages of each device was measured in a sample holder

in which the illuminated surface was faced downward on a glass slide. A

tungsten lamp illuminated the sample through the glass slide with an

2
incident intensity of 0.7 watts/cm . No measurements were made to deter-

mine what percentage of the incident light was absorbed by the sample.

The results of the open circuit voltage measurements are shown in

Table IX. The Table also lists the unique characteristics of each

device.

Two note worthy observations can be made from the data in Table IX.

(1) The quality of the device generally improves as the film thickness

(especially the thickness of the n-contact films) is increased. (2) The

quality of devices alloyed at temperatures at or above 5500 C is better than

that of those alloyed below 5500C.

The open circuit voltage of device ;4 was measured again with the 0.7

watt/cm2 tungsten lamp being replaced with a 9.95 watt/cm2 tungsten lamp.

The measured open circuit voltage was 0.28 volts.

Devices #1, 4 and 6 in Table IX were mounted on heat sinks.

Because of problems encountered with breakage during processing, the active

area of device 41 was reduced to 0.6 cm x 0.55 cm. Problems were encountered

with the adhesion of electroplated gold films on devices 41 and 4. As a

result the performance of these devices was significantly degraded after

they were mounted on the heat sinks.

The I-V characteristics of device ;6 are shown in Figure 10. The

9.95 watt/cm illumination source is used. The short circuit current
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I obtained is 240 ma. Since the active area of the device is 0.55 cm x 0.30

cm. (See Table IX ), the short circuit current collected per unit area

is 1.5 amp cm

An attempt was made to estimate the maximum attainable short circuit

current. A reverse bias was applied to the device, while it was illuminated

by the 9.95 watt cm source. The reverse characteristics appeared to approach

an asymptote, (See Figure 1l.) The asymptote intersected the current

axis at 550 ma. This current is presumably the maximum collectable

current of the device. The current collectable per unit area for the 0.55
"cm X 0.30 cm device is 3.3 amp-2m

E. Investigation of Deficiencies in Devices

The deficiencies in the performances of the devices that have been

fabricated can be attributed to any combination of the three following

factors: (1) excessive bulk recombination; (2) excessive surface

recombination; (3) faulty contacts. The following discussion describes

how the relative importance of each of these deficiencies is evaluated.

1. Contacts deficiencies

A series of samples was prepared according to the following procedure:

(1) Silicon d.Loxide was deposited on both sides of a polished intrinsic

Li germanium wafer. (Z) A pattern of dots was etched through the silicon

o dioxide on one side of the wafer. (3) An aluminum film was deposited over
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half the surface on which the dot pattern had been etched.,

(4) Metal films for n contacts were deposited on the other half of the

wafer on which the dot patterns had been etched. (5) The aluminum and

n contact films were etched to form a complementary pattern to the silicon

dioxide pattern. (I.e., the metal films patterns consisted of dots which

covered the areas of the surface on which the silicon dioxide film had

been etched.) (6) The aluminum and n contact films were alloyed

simultaneously.

The open cir At. voltage of the devices fabricated according to the

above procedure •ias ,easured while the unprocessed surface of the device

was illuminated with the 0.7 watt/cm2 source. The testing procedure was

exactly the same as that used to obtain the results shown in Table IX.

The results of the measurements are summarized in Table X. The following

conclusions can be drawn from these results: (1) In general the open

circuit voltages obtained for devices with the arsenic-doped contacts

is better than that obtained for devices without arsenic-doped contacts.

(2) The open circuit voltage seems to hit an ugper limiting value of 0.20

volts.

2. Lifetime damage due to silicon dioxide deposition

P. series of tests was carried out to evaluate tun. effect of silicon

dioxide deposition on the bulk and surface lifetime of devices. Three

germanium strips were cut from an intrinsic wafer which had been polished

on both sides. Silicon dioxide was deposited on one side of one strip

and on both sides of another. Four gold contacts were then evaporated

on each strip to form the type of structure shown in Figure 12. The

portion of the contact on the rough edge was for the purpose of forming

a good ohmic contact; and the portion of the contact on the polished
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TABLE X

Open Circuit Voltage Output of Dot-Pattern Devices

ThicknessThickness of nof Contact OpenAluminum n Material Alloying CircuitDevice F41m Contact Film Tocmerature VoltageS(A) Material* WCe (volts)

1 4500 Au 36o 43590 .0125
Sb 400
Au 120

2 4500 Au 360 520ec 0.17
Sb 400

3 4.500 As 130 435°C 0.195
Sb 130Au 

700

4 4500 As 130 520°C 0.20
Sb 110

Au 700
5 4500 As 20W 435°C 0.20

Sb 500

Aa 10,000
6 4500 As 200 4350C 0.15

^Sb -500

Au 3,000
Sb 20, 000

The n contact tilins for a device are listed in the order in which theywere evaporated

wqI
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Dioxide Deposition on Lifetime
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surface was for making contact with a probe.

The sample was illuminated, and the excess carrier concentration

due to the illumination was measured by measuring the conductivity of

the substrate. (See Figure 13.) Since the gold contacts were not

perfectly ohmic, the conductivity was measured by a four point probe

technique. A fixed current flowed through the outer probes, and the

voltage drop was measured across the inner probes with a high impedance

volt meter. Since the germanium substrates were intrinsic, the ratio

of excezs carrier concentration to intrinsic carrier concentration was

given by the ratio of the voltage drop without illumination to the

voltage drop with illumination.

The results of the measurements are summarized in Table XI. The test

fixture and illumination source are the same as those used to obtain the

results shown in Tables IX and X.

The following conclusions can be drawn from the results in Table XI:

(1) The deposition of silicon dioxide appears to degrade the bulk and/

or surface lifetime. (2) The silicon dioxide film enhances the absorption

of useful illumination. (3) The effect of depositing silicon dioxide

on both sides of the wafer is not significantly different from the effect

of depositing it on one side only.

3. Determination of the dominant source of recombination

Theoretical investigations have shown that surfaýe recombination

velocity is smaller for accumulated or depleted surfaces than for flat

band surfaces. An experiment was carried out in which the surface

recombination velocity of a germtnium substrate was varied by varying

the surface potential. The subst.rate was prepared like the sample shown

in Figure 12 with silicon dioxide films deposited on both sides.



I

samp~le
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Figure 13. Apparatus Used to Test Effect of Silicon
Dioxide Deposition on Lifetime
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TABLE XI

Effect of Silicon Dioxide Deposition on Excess Carrier Concentration

Relative

Excess Carrier
Concentration

Sample • Description (n/ni)

1 No silicon dioxide on l10
either side

2 Silicon dioxide on one 37
side; side without
silicon dioxide was
illuminated

2 Silicon dioxide on one 46
side; side with
silicon dioxide was
illuminated

Silicon dioxide on both 40

sides
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Transparent but electrically conducting films of aluminum were deposited

on both sides of the substrate. The a3luminum films were electrically

isolated frma the gold contacts and ;he germanium substrate.

The conductivity of the samples was measured with the apparatus

shown in Figure 13, but with two m~difications: (1) The 0.7 watt cm2

tungsten source was replaced with a low intensity source in order to

prevent heating the substrate. (2) A D.C. bias was applied to the

transparent aluminum plates with respect to one of the voltage contacts.

The results of the measurements are shown in Table XII.

TABLE X11

Relative Conductivity as a Function of Surface Bias

Bias Relative
(volts) excess carrier

concentration
n.

1

10 0.13

5 0.15

0 0.22

-5 0.24
-15 0.40

-30 0.49
-41 0.72

.4
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The change in conductivity resulting from the surface charge layer induced

by the bias was appropriately compensated for. The following observations

can be made: (1) The rate of recombination on the surface is greater than

the rate of recombination in the bulk. The excess carrier concentration

at -41 volts is more than three times as great as that at 0 volts. (2) Con-

trary to theoretical predictions the excess carrier concentration for

accumulated n-type surfaces (positive bias) does not increase *iith increasing

bias. Furthermore the excess carrier concentration for accumulated p-type

surfaces (negative bias) does not increase with increasing bias as fast as

it thould. Both of these effects are probably due to the drift of ions in

the unannealed silicon dioxide film.

4. Conclusions

The following conclusions can be drawn from the tests which were carried

out to investigate the deficiencies of the devices. (1) For devices whose
.

open circuit output voltage is well below 0.20 volts , the dominant deficiency

is faulty contacts. (2) For devices whose open circuit voltage is nearly

equal to 0.20 volts , the dominant deficiency is excessive surface recombinations

If bulk recombination was the dominant recombination mechanism, the measure-

ments swumarized in Table XIIwould have been independent of bias voltage.

These conclusions can be collaborated with a mathematical expression whic•h

may be used to roughly approximate the excess carrier concentration at the

Junctions of a p-i-n thermophotovoltaic cell in terms of the open circuit voltage:

n eVSexp
ni 2kT

For V = 0.20 volts and T = 300OK, n/ni . 47. This ccmpares reasonably well

with the values of 46 and O "obtained with devices 2 and 3 in Table X1.

This value of open circuit voltage is for samples illuminated with the
0.7 watt cm2 source with the same test fixture used to obtain the results
in Tables M X,X and XI.



III. CONCLUSIONS AND RECOMMENDATIONS

As we have pointed out in our description of the experimental

results, the performance of the devices which were fabricated falls

far short of the performance which was predicted for devices with

optimum physical parameters. The primary reasons for this are:

1. High surface reccmbination velocity

2. High bulk recombination

3. Poor Junctions

Any future program which is directed toward the improvement of p-i-n

plAnar photovoltaic cells should take these points into consideration. The

surface recombination can be reduced through appropriate annealing procedures

after the deposition of the insulating film. The alloying problems which

have been discussed can be solved either by using appropriate alloying
S+ +

techniques or by the use of ion implantation to form the n and p contacts.

The problem 'ith bulk recombination eduction during processing can be

eliminated by using a fabrication procedure which keeps the maximum process-

ing temperature below 300°C. In that case very little degradation should

occur in the bulk lifetime.

A maximum conversion efficiency of 14.74 was comuted for an optimized

device operating with illumination from an 18730K erbium oxide source.

Nearly half the energy radiated from such a source is carried by photons

whose energy is below that of the germanium band gap. The use of a

reflective coating which icill return these photons to the source can lead to

significant improvement in the operating efficiency. Future work should
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include the fabrication of cells which have such reflective ýoatings.

Little work has been done on the present 6tudy with regard to heat

sinking of the device. It is necessary that such heat sinking be

accomplished because of the very rapid degradation of the device

chaxacteristics with an increase in cell temperature. Heat sinking of

a p-i-n planax cell is more difficult than for a standard p-n junction

cell because of the fact that the electrical contacts are both on the

same surface as the heat sink, and one must simultaneously obtain the

electrical isolation and good thermal contact to the surface. Any future

work should include a program to minimize the temperature drop across

this interface.

If the above mentioned problems can be solved, and all indications

are that they can, the result should be a thermolphotovoltaic cell with

relatively h.gh conversion efficiency.

4

]o

to

F1
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APENi)IX

In this appendix the ADOP program will be described in some detail.

The input parameters and the printed output will also be described.

Description of the Program

The program is described very briefly in the flow chart shown on

page 58 • First of1 all the input values are set and preliminary

computations and initializations are made (Box A). These iniput values

include an initial guess of the dimensions of the device for which the

maximum power will occur. The input current is initially set equal to

zero (Box B). After additional initial computations done in Boxes B and

C, the open circuit voltage is evaluated (Boxes D, E and F). In order to

evaluate the output voltage, a boundary value problem must first be

solved. This problem is solved in the computer program by successive

over-relaxat'on. In the successive .-ver-relaxation process an iteration

(Box D) is carried out in which a new and better estimate of the solution

of the boundary value problem is obtained from an original estimate. Then

a convergence test is carried out to determine if the new estimate is

suf•ficiently close to the solution of the boundary value problem. If not,

the new estimate is used in the iteration process to obtain a still better

estimate. By repeated iterations and convergence tests, the estimate is

successively improved until the convergence test is finally passed.

The theoretical formulation of the boundary value problem and a

detailed description of the portion o the computer program in which it
I' is solved • included in Report No. I•,
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Introductory statements
and initie.lizations |

SInitializations fcor -V{_ ~cuve ".."...

• • initialization for new

~:L po n o D- u v

Iteration

Convergence Test

'• I •Evaluation of output F

/ Tests to determine if t no
S\ ~output parameters should be

computed for another value of current

section of new value of
current and interpolation

to obtain new iteration variables

•i7A O i Tr;:t,.- to deterrine if
oanother I-V curve need

S~be computed/

S• ~new Yf-V curve "

of outputs from I-V
c<•rve. to find dimensions

"for me:imum power
0" and its corresponding

output pareaeters



-59'

The solution of the boundary value problem is then used to compute

the output voltage and other output parameters (Box F).

Onci the open circuit voltage is camputed, a new value of current

is selected (Box H);and the comzuta~ions made in Boxes C, D, E and F are

repeated to obtain the output voltage for this current. This process of

selecting new values of current and evaluating the corresponding values

of voltage is repeated until a sufficient number of values are obtained

to provide very good estimates of the short circuit current and the

maximu= power.

After it has been determined that the short circuit current and the

maximum power can be satisfactorily estimated (Box G), a new set of

dimensions is selected for the device (Box J). The process of obtaining

enough points on the I-V curve to estimate the maximum power and the short

circuit current is repeated for the new set of dimensions.

This process of selecting new dimensions and evaluating the output

parameters for these dimensions is sysematically repeated. The dimensions

are selected in such a way that they tend to be close to those dimensions

for which wximum power will cccur.

After it has been determined that the output parawrters have been

evaluated for a sufficient number of sets of dimensions (Box I), the

maximum power and the dimensions for which maximum power Will occur

are determined by means of an interpolation process. A quadratic function

of the form

2 2=A + AA + A I +Ax++ AL+AX + I?
o n ~ 3 Jln 22 330 11?2np

2l3 no+2A2 3~13lnxo + 2a3 xo

The dimensions which are varied are the width of the n contact (tn),
the width of the p contact (t ), and the thickness of the device (Xo). These
dimensions must be varied in Kiscreet increments. (See Report No. 1.)

(.
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is fitted to the values of output power associated with ten appropriately

selected sets of dimensions. In the above equation P is the power out-

put and the A's are constants. Note that since there are ten A's, ten

equations (which come frim the ten sets of dimensions) are needed to

evaluate these A's. Once the A's are evaluated, the values of n,

and x which maximize P are determined, and finally the maximum power

is obtained.

A number of other parameters (such as open circuit voltage and short

circuit current) are obtained from quadratic interpotations for the

dimensions at which maximum power occurs.

Input parameters

The input parameters are listed in the three catogories which are

defined below: physical parameters--physical values which are needed

to evaluate the performance of the device; dimension parameters--numerical

values which define the dimensions of the device; program parameters--

numerical values which control the speed and accuracy of the program and

the amount of detail in the output.

Physical parameters

The physical parameters which are listed in statements 1650-2100

of the ADOP program are described in Table XIII The generation rate of

hole-electron pairs as a function of distance from the illuminated

surface is read in at statement 4250.

VZ
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TABLE XI1

LIST OF PHYSICAL PARAMETERS

FORTRAN Physical
Name Syabol (s) Corments

KTOE kT/e (kT over e)
1DP- D hole diffusion coefficient

* p

DN Dn electron diffusion coefficient

NI ni intrinsic carrier concentration

RCOMFAC r recombination factor

VSB V Surface recombination velocity on
"bottom or unillumtinate- surface.

VST V surface recombination velocity on
t--op or illuminated surfce

VGAP V G (energy gap voltage)

CURDOPT (ontimum current density)

The current collected pair unit
area of illuminated surface if
every photon capable of generating
a hole-electron pair is absorbed and
if every optically generated hole-
electron pair in collected.

Dimension parameters

The dimension parameters which are given in statements 3100-3400

can be described concisely in the following equation.s:

LLv _
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(1) IM = 2*NI±1* K

(2) LP=-2* NLP *K

(3) xo = XO1 *H

(~4) LI =NL:l * K

(5) ~v,-.lue of =(NIXOMI + 1) *H

where

LN =width of n cont~act

LP = width of p contact

XO = thickness of device

The fortran variables NiWI, NLP1, NXO1, NLIl and NXOMIN are integers.

The variables H aad K are real numbers which specify increment sizes in

centimeters. (See Report No. 1.I) The dimenisions are constrained to values

which are integral factors of these increments. In the ADOP program the

dimensions of the device are varied by systematically varying the values

of NLN1, NLP1 and NXO1 (Box. J of the flow chart). The initial guess of

the dimensic is for which maximum p'ov'r occurs is determined by the initially

specified values of NINl, NLP1 and NXO1.

In some cases the optimum thickness of a device will be much thinner

than the minimum thickness attainable in practice due to limitations in

technology. Therefore the program has been adapted to optimize the device

under the constraint that XO will have a specified minimum attainable

value. This value can be specified by appropriately choosing NXOMIN and

H in equation (b).

The time required to run the ADOP program can be reduced by choosing

the largest lossible values for H and K-. On the other hand, the accuracy



-63-

of results obtained increases with decreasing values of H and K.1 Experi-

mental runs were carried out for which the physical parameters and the

device dimensions were held constant as H and K were varied. The error

in the value of maximum power was made negligible by choosing sufficiently

small values of H and K. The error in the value of maximum power obtained

for larger values of H and K could then be estimated by comparing the

maximum power obtained with larger values of H and K with that obtained

with the small values of H and K. For values of H and K used to obtain

the results in Tables I through VI the estimated error is 1% or less.

Program parameters

A discussion of program parameters is of little value unless ome

wishes to use the program. In this case a detailed description of the

program will be needed. A document providing such a description will

be prepared at a later date.

Printed output

Table XIV lists and describes the FORTRAN variables that appeox in

the printed output in the order in which they appear.

The printout can be divided into two parts. The first part gives

the output for a given set of dimensions. (See T&ble XV ) This part

will be repeate4 for each set of dimensions for which the points on an

I-V plot are to be obtained. The second part summarizes the outputs3

'which are ccomputed for each set of dimensions and gives information which

will describe the output of the optimized device. (SeeTable XVI)

d Output for a given set of dimensions.-- The values of CURDNET,

VOLTAGE and ETA for the points on the I-V curve are listed in part [B]



TABLE XIV

List of Output Parameters

Fortran Description
variable

ILE (ndex oflLnear equations) A subroutine

is used which solves a simultaneous system

of linear equations. If ILE-O, the

system is solved satisfactorily.

Otherwise the system is singular to the

accuracy of the computer.

PTKNT (point count) an index which is chronolog-

ically associated with a point on the

I-V plot.

CURDNET (current density net) net current out-

put per unit area of illuminated surface.

VOLTAG'C voltage output which is associated with

a given value of CURDNET.

ErA cell effic.ctcy associated with a given

pair of valves of VOLTAGE and CURDNET. i.e.

TA-u CURDNET * VOLTAGE/CURMhIAX/VGAP.

VOC (open circuit voltage)

VF (voltage facs'or) i.e. VF - VOC/VGAP.

CURDSC (short circuit current dendity) The short

circuit corrent produced per unit area of

illuminated surface.

ETACOL (collection efficiency) i.e. ETACOL

CURDSC/CUIJILA.

XPOW (maximum poer point power)



OMAXP(M (maximum power point current) T.he

current ?er unit area of illuminated

surface at the maximum power point.

VMALXPOW (maximam power point voltage)

CF (curve factor) i.e. CF-PHAXPO/VOC/

CURDSC.

ETACELL (cell efficiency) i.e. ETACELL w PdAXPOW/

XO the thickness of the photovoltaic cell.

LN width of the n contact

LP width of the p contact

LI spacing between contacts.

I I) increment sizes

CURDOPT optimum cureent density; the current col-

lected per unit area of illuminated surface

if every photon capable of generating a

hole-electron pair ii aboorbed and il

every optically generated hole.electron-

pair is collected.

ISE (index of symmetrical equations) A

'subroutine is used which solves the sim-

ultaneous system of equations whose

coefficient matrix mutt be positive

definite or negative. If ISEwO, the

system is solved satisfactori%.. Other-

wise the coefficient uatrix is either

singular to comuter accuracy or is not

positive or negative definite.
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ID (indem of dimensions) an index which is

chronologically associated with a set of

dimensions for which the points for an

I-V plot are obtained,

ETAC some as ETACOL

ETCE same as ETACELL

CUPhX (maimum current density) the current out-

put per unit area of illuminated cell when

all generated hole-electron pairs are

collected.

P WMAX (maximum attainable power) the power

output per unit area of illuminated surface

when all the generated hole-electron pairs

are collected with an output voltage equal

to the energy gap voltage, i.e. P(WHAX-

CURDW * VGAP.

SLAABS (CURDMAX/CURDOPT) the ratio of the number

of carriers generatea in the finite think-

ness device to the number of carriers gen-

eratdd in an infinitly thick device.

0
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TABLE XV

Printed Output for a Given Set of Dimensions

[DI CEJ1 [F]

43 1.318E+17 l.318E+ll

44 1.164E+17 1,162E+17
21 9.904E+16 9.873E+16
20 7.869E+16 7.823E+16
25 5.249E+16 5.187E+16
34 1.714E+16 1.640E+16
51 5.758E+15 4.981E+15

ILE =0 (A]
45 3.•340E+16 3.270E+16 "

ILE -0
ILE =0

.54 2.480E+15 1.690E+35

21 1.379E+15 5.823E+14

30 1.001E+15 2.023E+14

20 8.708E+14 7.079E+13
20 8.251E+14 2.473E+13

PTKNT CUR.DNE VOLTAGE ET&

1 0. 4.439E-01 0.

2 8.089E-01 4.372E-01 1.325E-01

3 1.618E+00 4.284E-01 2.596E-01

4 2.427E+00 4.159E-01 3.780E-01

5 3.236E+00 3.935E-O1 4.770E-01

6 3.892E+00 3.286E-01 4.791E-01

7 3.992E+00 2.548E-01 3.8ilE-01 [B]

8 3.654E+00 3.680E-01 5.038E-01
0 4.011E+00 1.830E-01 2.750E-01

10 4.016E+00 1.171S-0' '.762E-01

11 4.017E+00 6.494E-02 9.774E-02

12 4.018Eq+0 2.676E-02 4.028E-02

13 4.018E+00 8.595E-04 1.294E-03

VOC t..439

VF .6726

CURDSC = 4.01813+00
SCACOL = .9935
,MAXPOW - 1. 345E400
iMAXPOW = 3.664EW00
VtAXPOW = .3670
CF = .7539 cc]

ETACELL = .5038
XO = 5.0001-02
LN = 1.500B-02
LP = 2.500E-02

LI =2.500E-03
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or Table XV. The column labled PTKNT lists indices which arechronologi-

cally assigned to each set of values ClDNRET, VOLTAGE and ETA.

In part CA) the resder will note that there are ten rows of numbers

excluding the rows containing the expression, ILE = 0. Each of these

rows corresponds to a row in part CB] with the first row iu CA) corresponding

tothe first row in [EB, the second row in CA) with the second row in

[B3. etc. The colbn designated by [D] gives the number of iterations required

for convergence. Mhe efl madesignsted by CE] gives the excess carrier

concentrations in the middle of the a contact. Meoolimn designated by LF]

gives the excess carrier concentration in the middle of the p contact.

The expressions ILE - 0 result from a curve fitting routine which is

used to estimate the value of CURDNET for which the maximum power will

occur. (See Table XIV..)

In part CC] the output parameters and dimensions of the cell are

listed.

Su ,ry of outputs for each set of dinm-nsions and output of_ optimized

device.-- The cell dimensions for which output parameters have been

computed and the corresponding output parameters are summarized in part

[D) of Table X. • The columns headed by LN and LP lint half the number of

increments on the n and p contacts, and the column headed by XO lists

the number of increments along the dimension of the device that is per-

pendicular to the illuminated surface. (The values listed under LN, LP

and XO are equal to the values NLNIl, NLPI. and RXOI s.•cribed on page

62 ). Note that the row of values corresponding to the number 9 in the

column headed by ID is obtained from Table XV.

The list of values in part [Ej of Table)VM gives the dimensions and

output parameters of the optimally designed device,
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The array of points shown in part [B] of Table VI may be represented

algebraically by the array sh.nm below:

x1 x2  x3

-vita 'lip Vixo

V21n V2AP v2xo

'V31n v3Ap v3xo

This arraa consists of the eigenvalues and orthonormal eigenvectors of the

symetric matrix with elements A ij. The power may be expressed in the

equation:

2 2 2
P =~ ~ PY XFO 1 %,V,+ X2V 2 + ). 3 3wh•ere I' -- viI (n An in) +v vil (n• "p ) + Vixo (n~o - ýxo)

for i 1, 2 and 3.

Preceding page blank

.14



1_2 PROGRAM MAIN (1NPUT#OUTP1JTt TAPE5=14PUTt TAPE6=OUTPUT)

rA{NL~nrN;N,;M)i~e~,G~u,4GfDMM~MAxNT;NOPOPrO;,\SIAA)ý-' l

2 *W (23 0) tX (200),Y (200 )t Z( 200),pC.RNTf 10) VOL T( ICO) vNS1 (22 149) ,NS2 (2 5113

4;.SAG 1(2 2 t49 ) J MMY (2 2v 49 ) DUM AG( 22, 4 ) vOND T 22 149) NE 1(z22,4919C URD X
'5(49),CURDY('t9) sot-)

t X C 'S**ARyr-N12--6tG'--,t-BU-LK{(p--- -22 03
REAL NCINCtNitN2,N3,NSRF 360
INTEGER RtS. RHtS~HRP1, SPIRHPISHPI
I!NTEGER' RH2 1000
!NTEGER RI,RIM1eS IPl,SI 1133)
YNTEGER PATHKNr,.PATH-NML3 123")

___T~r~GF. EPrKK Jr - I. (
sREAL Nl.N,NLPNXO,NLI,VOCD)(50),VýFD(50),CUI.OSCO,(-0),ETACOLD(50) , 13(13
11VlXPOr)D(5D )tCMKP~JD( 5Q),IVP:)WD( 50),CFD(50) ETA:)(50) ,CLRDMXD (50) 1 )'
1) 1ME:jINSICN, X A( t-i ) t EI GV AL(3 13:'-;
DJIMENSION CU-MGEN(82) 13ý
COMMON IETJLNPJLNMJLPPJLPMJX3PJXOM,LNLPLNXOL.pxORJCLNr 11"a
t iC L P9RI C X'O ;-b 4 (', i)-?A M (-r,3Tt.Pj -L N T*5o JNL P 5 0) v JN X0(5 oI1 ,It

LISTING OF PHYSICAL PARAU.ETERS -

KT (iE=3 .025915,

.11 2 .5E 13

10=NI 1B5
k C W-1,=2F A 24 1 8 E 1 1 q C0

VST=100.~

CURDOPT= J.

'.iSTING OF PROGRAM PARAMETERS

1 11=2 21r 0

1A150

1 PArHz- I

FPSILON=0.03)1 -

RF =0 .35
FACT 0R5 .0

1.S T I N OF DIMENiSION PAkAM'EtrCRS -l)

N1=0'

I NIL



_____ _____-73-

34503
LISTING OF RELAKATION FACTORS 31 5L" 0

______ _____3550

OP~EG AB=1. 9235"
PIJEGAS= 1.4 36
0C'.EGAG3H =1.92 3703
OV'EGAS-B=O.9§- 3750
OVEGkAST=1.4 33
-OIP E G-AC = 1.4___ ____35

rJA EG ACR! HI a4 3910 3

2iVALUATION OF SCALE FACTOR A\JD READ'14 AND SrALING OF CUMGE%.43

READ(5,685) CJROSrL 4100
'mCALE=.URDOPTfCj0ROSCL ____ _4-153

RE EAD(5 968 5) CJ MGEN(lNX)
CU VG EN( NIX )CJ IAGEN C MX ) *S CAL E
n~URF=&CUMGEN(2)-CUMGENC1I) 0

49433
Ll ST INUI OF F I KED CONS TAN TS Al D P REL 14 1NA-Y COMP UTA TION S 445o

:U =LMAX -IH 4., 5
'tLPHA=2.0*CN*OP/( 0,N+DP) 5D
CNI*N I/ PC 4 6

1J0lppo= NC+PO
'OPNO=PC+NO _______ 4tg I

'c; ?14,02Z POP~rJ+)-(PONO
P04- IPO o*\

'C4-=PO 2"+PO2 _

2 .NOi-NO
-.N020.32

=~L(DP*PO+LIN* )/IDý ')

d3XX W1=3

arrGlt U COP FOP EV ALUAT O1O4 OF PO INTS 3N I-V CUR VE

0 L ~P N~tI

zUI NTTi 1.0

UIF'. -- C!'~) t :+p FN 01 1 H+ .2j

1) -A Y, JR~ '4)-L GEN bc-~ Il

Li)', t~- H 4: iP S 1, 0' 1\/ ~1I~41 4v )



C LISTING OF TERMS THAT 4UST BE RESET FOR INEW VALUES OF CURDNET

V IIN T L T_ _ _ __ _ _ __ _ 
7:"

J=JI NI TL 3u,
tMESHKNT= 1

C
C COAUTAIE OF IN CRITL S T TCUSIES IN4IA4ATO

C 10
4C COMPUTATION OF INCREME4T SIESE0N M BE 3

AH=XAPH/R ( LI*H 21

;H02 DNE= H/ 2.01IDN/ I.6E--19 0
H02DPEzH/2.0/ DP/1I.6E-1910'
P.DPFOK.' -DP*1 .6 E-19ý/K ___j7

DN9EOK= DN*1 .6 E-19/K
AH2PAK2=i.v.*AH+2.O*AK~i
R2 =2. ) *RCOMFAC-
HSOKS=H*H/KIK

HOATGS:Hi/;.PHA*G SURFR
DP2Ea(OH:DP*2 .L*.6OE-19*</H 117)'
ON2EKOH=ON*?.fl*1 6E-19*K/H-I 113'inI

K02DPEH=K/2.0/DP/1L.6E-19/H 1'

HC2DPEK--H/2.0/D1'/1o6E-19/(
HVSfO2A:--H*VS r/2.O/ALPHA 1
HVSBUA=H*VS B3/2.0O/ ALPHA

LISTING OF irERAT [ON I1JOICES

SH=(LN/2*+Li )/K+1.5
S= SH
RH P1 = RH+ I

R=RHPI
PH P1 = 5H+.-

SPI1-Sf' 1
JH.-J41I'
.JN,=J4 24.-

.JHtilfl z H-I
giVi=j N--1
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LISTI NG OF TFIRVS DEPENDE'NT 0-4 1T ER.TIONJ IICES 1.

-'SPS-R I,
f RINM2 :JN-2

re:rv i f= qi 4(vs r +VS8 *SMR/RJ42%1 2/X I M .

T F R;1:2 = VS T / R 2 / 0 /~ R ~i 2 1v 2,.

TFRM3=VS B/ R?/ .2 / O•ii~R BLK Pr S-(N-? *JN- 2) .. •3"•.

EVALUAH'IUN OF GBJLK ",

ICJ I- NIHs2 i N, Ilt
S~DO 35 NX :=2, I' ', NP, ' I

--. • ~GBJLK(r•X,•= (CJ '4GE',J( "CJ i-CJ•iGi-'( JOL 1 1/ri ,ICJ=ICL 13 .)

I C:, : .C
L.ISTI .1IG OF r FSTPi01N T IN DICES C ES

I NDXACi '1 N +

I Nt)D.'Cz j N +2 -, Z.

INtLXXF= I N- 1 Re -, • 6oPY

\L)K .'J= R e ",oest a '• r-•IN V X P N = S P l• "- I , ,elst 01 ,l

.-1SI TrI NG OF TFAM' T rHAI' 'LIST CHANGE WI Hi FACH N'E VW V41.UE OF C, I'. -
G6, G AOX OR={(GS J RF .-6J L.(GF1,-CJR D`4ET/ I 1 96)-Ig/zO!/,ýC~ y A ,01

NS I N IYL -1 FRD 14 1 1 rGý j x:)y

I?1T IAl- IZA TIOq OF M AGI AAOD S
I F}',,,XII O

I',?XI= -1 +

JP2= J+?
Wi' 2J INK= 11!P? .
UO 20 Y--I,jP2.

"A I , (-; N- 'i ).

N.s ' Fit, '., 'AX F •, •, I *('GIfai)• -,

l t, JNUA IY CC'UL.) I ,\' ,I "tV,; Jý " , $,-c-' !t)'4 1' j A., ' 7, -

""e~t q., PA•I > - )' I G • ",I ,4)/2.ý4L I,,

v ArE L'V'f -M

W' L T A I C

7) .



WRITE (6,550) 1 NS INXI Ni) NY= 1,J~ - I
WRITE (61563) 1?
00 RJ N)(=2,tH 175

WRITE (6v560) (

IF(fLO0PKNT.GF.LMAK).A1D. (IN OX ETA EQ.1) GO TO022 8 l 7?
40 IF(LOOPKNr.GE.L4AX) GO fTX515 I ý;j

LO OPKNT= L COP KNT+ 1 z 5

-rnwA -:A-ýkýfiA I0~O T.q* AGI 'Aq'JO4S, AND EVALUATION OF W ANL;Y' I~
c .94

I F (S P I EQ0. A M I NS ( 1v S" 0 )='4 S( 2,t SP 1) 69~
1+HO2OPEK*(MýAGI(2,SHPl)-MAGI(2tSH)) 189,
IF(SPI.EO.JNMI) GO TO 115
W(SH)=cI.3

(Spf1.0191..
DO 10D N=SHPlJH.M 121
NS T2 =NS (2,t NY ) +N3 1, NY 93
GP=DP)2EKOH*( NST2, ?ýOP'JO)(Sr2+V02) -j.
NS4=NS (21 NY+1)+S( 20Y) +4S( ilY+l )*NS( l,XYI 1 9i:
-GN=K02 DNEH* 4V'lt+P04I/ ( kJ4+PO2P'432 16

}PAGI (2,1 NY)=IMAGI( 2t NY-1 I -GP*( 4JS( 2t 4Y )-VS( lo N4Y) )I '7
W(NY) a(NY-1 )+GPx,('4 NY J

NS (1 NY + I NS ( 1 NN' ) -GNS3.*( 1 G1(30 -'4G1 2N)YMG1(4vNYl-M 9

P "'CONT ACt--Ff ALJ ATr1ON' JF -DEL T A

NST2=N ( 2 sJN iN S( I fi NMI I ? j.'
GP=DP2EKOH,ý.( NS T?24PDPNO )/( ST 2 +4:2) 0$% J
OELT A= ( V.GI (2 t J10)-M.AG H 2, JfmIMI+GP*t( NS( 21 JNlm )-NS( I JNý-'1 0% fC.3U1PI

114.GP*Y ( JNm 1) 1

C. P CONTACT -- FV ALJATIO 104F MAGI AND I~S

DO 110 tNY=SHP 1,JkM 3eproducCCl r
P.AGI (2 ,NY) =AGI (2, NY )P,J4( NYMELrTA best av

13 NS (Ir 1 , 4Y!vS ( INY ) 4-Y(NY) *DEL TA 1;
NS (I r JNe'I )=N'S (If JN,41 +Y( P'44 I i*DELTr 2

C NCCG:,,VrACT--APrROK I ION OF %4AGI A9D ISr 4%11) EVALUATION' OF 1, A kiJ Y

IF(R.%C'.2 "C' TO 135)
W (I=):.)
Y{2)=1 *

NS T? = NS P? NY +N'S I 1, Y

4Y(\S 2, N4-i ( 2 1- S (l4V)

.'GI~JL'r- S /'s+~~'J

A5 i J. I 14 4 *4, 5* -



DELr A=( AGIH(2,RHP1 )-MAGI( 2, RH)-GItNSH( 2#,1 ".S( it Rf /iW(RH) -GN*Y(R ?3,

N CONTAcr--FVALJArIoN 3F MAGI AN~D V~S 23 ej

DO '133 NY=2, RH 2 zi I
MAGI (2 , NY)=MlAGI( 2, NY ) +4( NiY )*DELTA 2 4 ý.

133 _NSU1, NY )NS(1, Nf) +Y(iY )*DELTA 2;'
NS H , R)=NS( 1 tR) +Y (RJ*[;LrA 2', "

NS IN INTERIOR REGION 2 4 5'0

;5 DELTAT=0ELTArc 2 $ C,3'
DO 150 NX=2, 1MI 24 Di
DC 143 NY=2, JNMI?

2 X-1NY) (NS (NX I NY + NOPPO) 2531
NS (NX tNY) N~S (NK t NY ) +ONOT ( 4X , VJ I *DEL TA TI "
I F ( NS ( NXNY ) L r. o) 4 s(vx , qY )= I o2-

140 1IF (INS (tNX,NY ) GE.NS.IAX) NS(NX,\Y)=4SvAX?,
1:. 0 DCFLrAT=PELTAl 6

FVALAT ION OF NE I

DO 15,3 NX=2, INMI _

DO 153 N'Y=2,JN!Al
I ~j IF I ( NX t :Y)=1 .3" .I~sVI)"'K , Y+.'%CCC ~ ~

M'AGI I N I NE R IOR REG I 0\ ý

D(', 17 3 'X =3 f IHM I

NX 1 = -IX 'J-1 U

V"A G f.)M( NF I NY'~ VP 1 )+'E I N x N Y ))4I (N XP I .'f Y+ YI (N XVM , N \ !
E 1 (W (x'1,' \'y ""Ac,~' IC " "I NY ) + I-% 1• S ~ (C ' ' I C YD + %t I- ( 'yjxj A -

31 (c 4 t'~.IY)lI \1 CN It '1.0ý Y It jy I i ( V 4 t, 4 \ýy~

.. AT TC'P SJRF, GI

DO 16i3 NY-?,.V4,i -l

ýw i, N5: 14Y : 1, : Zv:\ I', %Y F C.'GA3 I '"N ,'~Y) 7;'

NS; A 11 M- Is;,2i2- r?,A /

rilr H. ': I



M: NS (NX 12)
10i NS (NX v1 ) NS NXI +0MEGAS*(M-NlS(NXf 1 97)

NAr FTTVEG 2-9

PO 2 23 NX=,IN I N 301,10
Mz- NS I NX vJ NM I)3?
NS (NXJNh=NS( NXIJN) +OMEGAS*( 4SNJ) 30;i

3 033
C 01N~cI~ F ET AKS 4N D RýS ET rF -VAL UE OF-N S ~303';
c 30A

SU M=J. 0
sums~o, 3 0%0 3
90 222 UJX=2 I NMI 30~~
00 22? %,.Y= 2 JNMI 3

22~ SUMS=SIJP.+NS f NXNY)'VNS( NX,4Y) 3 303
.NS BAR= SU0M/ 8 .) LK Prs 3 03,

'$SbAR=S..WS/ BJL4PTS -0ý4

SIGMANT'=0.0 0l
DCC 223 NY=2tJNMI 3G.
;16KA'ýr:S IGMANf +tqS( lN7%J-Y i7\lS- INIM It Y 0 -0

TC(RPl.GT.S) GO TO 225 3 13
:)0224NY=RPIIS 0

.!jMNS8A= TE M] f<"A1B S(2 Y +1S 1 Y3 )'I

NtS S 6 A R+P1 ? *14S AR +TER v,2ý S I 4A4T+T lGMN-- XP l
1r-0B2 *302)) , Lfr.C) GO TJ 515 303--

Y-LJAN~S -li +~J SORT( 802'1302 - 3J'
'.K 22$ N'( = Ir I 30%)

4S$JRE fHAT EN'OJ'c'ýF IFCRATIO'4S H'AVE T4KCEN PL.ACE FOR STABJLI 7AT C ~ 3J.
3 ~v

,r(OOKV.rLOPU~lGO T3 60- 3W C,

',.,r1'.k~ 31'

Wt4ý f FODS NS 11ITLI
F (At OW'NS .IT *A13S ( GCNT f2, IND)X')J)) G-1 TO 60 3:
F IAF-00%ý.L! ~All;( UNCT ( 211%OX, \YP~ N11)) G3 To 60 33

I TVjL Atli'( f I T 1 I'JDx F, J4OXY4 0 I 1 $0 TO 60 ?1 I

r(IdP fli .1 C I * A BS LCNOT IN P'JXX C,, [FJ LDXvO vf) TO 60 31

itPR,'E0CJT FC ExcIssU EIT

j ! 'rvA~rcC. r. CO I )l 2501

0NT (b,,3 Ny-NrLOP' - ? 1

i I TF ~6~S' V4. 5) lj X , N I ,J%

*IJA T I C% LATFP .:j3- 1i JUIBl VOLi( 1 04.) POWER~
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5) PArTHNRB= R- I
KN=R 3'423D

KP=SP 344300

00 331) PATHKNT1,#PATHNMB 34533
_3460)

EVALU~ [ON O ~ CD.IICE'T~IONS AT JUNC~oTIONS373
EVAGYfN( 34730

\NN(NS (Z,KN) +NS( 1,KN) V2.0 -_ ____ 34830

3503)
1FtIPATH 6EC.W) GO rO 255 35350
WRITE (69580) MESlHKNTtPATHKNT 35100
'WRITE' (69;550) N-NNP 35233
CONTINJE 352'30
IF(KN.E-Q.2) 4R I TE( 69610) LJDPKNTN'4,NP 35263

IF (MESHKNr EQ. MES HNMB) AND.(K-4 U *2)) GO TO 515 35400
GO TO30D 355:33

35600
INITIAt POINTS IN THE GRAPHICAL INTEGRAL ALONG THE X AXIS 35730D

?b0 TN~n~f~7;w)J~o+~cr35933
PT0HiDY=(3.O*(MAGI(2,KN4)-4AGI(2,KN-1))/K.(MAGI(3,KN)-MAG%-I3t3KN-1))/ 36330

IK)/4.D 36100
GIXN=PTDHOYIPTNE*H-/2.0 362D3
PTNE=(NP+NS(2,KP) )12.O+ACCC 16330
PTDHDY.-(3,0*(MAGI(2,KP)-4¶AGI(2,KP-1))/K4(MAGI(37KP)-MAGfI(39P.1fl,/ 36q23

G I P= Pr0HDY/ PT N*H/ 2.0 3 6 5 0
3673a

-EV ALUA't1Q64WO'PGk- ICAL--I ýT CS`AL 36 Tt)) -XAXIS5 3 6 530
36405

IF !KX.LT.3) GO TO 280 37035
DO73"X3 3"! 101

P1*NE=(NS(N'X-lKN)+NS(,NX,-'(\J) )/2.O+A"CC 3 233
PTDHDY=IMAGI(NK,KN4)-J.AGI(NX,(\J-I ) /K 3733'J
GI XN--GIX.N+Pf oH~ffPTNE*H 3 743
PT NE= (NS (NX-IKP)+NS(NK9<Pfl/2.0+AZCZ 3753)
PT DHDY= (MAGI ( NX tP)-MAG1( NX, (P-1 )/UK 37503

-^I'~ XP=GItXP+-Pt DHDY/ PTNE-H------- 37730

EV ALU AT ION OF GRAPH ICAL I NT EGRAL ALO0 4G THE Y A X!S 3 79'.)
3ti033

PTNE=(NS(KX,ýNY)+NS(KX,4Y+1))/2..O+ACCý 384,1ý
P.T DH D X -1A GI (K X+ I, N Y)\iA GI ( KX \4 Y H 3 9 5:)0

2110 GI Y=GIY+Pr CHUK/ P fNE*(, 335"

EVAPUiATTON OF OJTP~v VDLTAG~tE POWEý A40 EFFICIENCY ___38903

191," (bON + DP G I XNDI G I Y-, GIx
D IFF POT =Kr oF*(N- OP,( DN+ OP IALO G( (IN 1+ACC C)(NN+A CC: 391)5
,R) NC POT =KT C"F kAl. 0 (('l4 \10 14P+P0 /l I /N 1
V~LAjzJC( +,rn-1 33 31)
P(>1FRzVCLT AGF*(.J*'r-ON FT 394' -
V T A- P04E R/ PO 4M Aý 3953)

oA 'JRE)= U RM - ICURC14 AX 39ý3%
iT AV =V OL YAGE IVGAP 397'))



WRITEOUt T U -:8-Cf-F fANO-E4-oVEKR .- 9 3o
*400D

IF(IPATH.EC.1) GO TO 300 ___.40)3

WRITE (bo550) PO4ERtPO4JMAXtf7TA9ETACUiDvETAV 4023
____ 4033

405D
-;U KN=KN-1 _ _____4050.

-'IT- PAT'Mm.Eo 1"G')Y1~ 40M.:
KPSI(NIS1*PI.,'T/PTN81 403),
K'!,2+ (I NMI-2 ) *(PAT HKN)M PATH\IM3- 1) 40O90.

412or
START A NEW MESH UJNLESS THE FP4EST MESH HAS JUST BEEN COMPLETED 41D

11r (MESHKN`r.KNE.MESHNMB) GO TO 450 4150C,

41930

I - (PTKNr.iIF.1) GO TO 340 ___41930

('0032 NX= f,! 4-263ý
D0 323 NY=19JN 4213)

SNS2 ,N , NY) NS ( N4 tNY1 42233
D0 33) NIX=2,AIHM1 4.2 33 3
00 333 NY=2tJHM1. 42ý03

't hlGl2 (NX INY) =MAG I(INXp NY 45)

VOLT % )=V2 4 27 JIV
C2:!:JRDNET 42391)

'K:4rt=2 430-)
4 3 3

"fLU A r I'ON 0P 'CJ RR EN r A ND YOT TAGEGALE S~ 43) ;J

I. NC RE G=CJR 00,AX / NC INC 4 3 3 3)
'., 'D I NC=CINICR FG 4 ',~ 3 4' )
Cýuo.DNE1'~cjRDN! +CURDlNC 43133
60o rO 10 ____ 32)

43333

*NITERPOLAI` 10N PROCEEDURE FOR SECONJD ITERATION434 O

~'IF (PfKNT.NC.?) G, TO 390430
"0 ' ~5 N)( It~ IN 43,70)
JC 35) N'Yz:I,,N 43B[ ))

')C 35) NX:2, IfMI. 4113))
00 35) NA'2# JlqM1 441')D

vi =v (X TAGE 44)'-Q

C1&=CJRDNET 41

PtrN= 43
cil Rolr 2) CJ0)"F .. "O4 8

p11 VX!, 4491 :'
4 73 NY 1114 0



f;v 04 44- 45-.456100
_ _dC-GI NOU ADRAr f c I NVERPUL ATI104 SW 0lH 111 IAL IZA T ION S -457.):)

45~33
ý9' C.3=C2 4590D

C2=Cl - 463 -~ 0 -. f~
%,,i--CizcURDNý 46190
CRNT(PTKNrk=C1 462'00

V2=Vl 46432
VL=VOLTAGE 46500
V0LfPTKNT)=l= l___ 46500

COMPUTATION OF MATRIX ELEMENTS 46830

iYL~rw~rc1T7rn~ŽT-47 000
D12=-I-.01( C)-C2)f'(C2--C3) 47iDD

D13-1./ (C4C3)/ (C3 -C/ l-l e 4720.1
i~g'': ( C24 C ) f( C-C I C IC 247300

D22= (C3+Cl )/ ( C-C2)/( C2-C3) 47400
023=(CI+C211(C2-C3)/(C3-CI) 47503

D31712*C3J C3-1 i)Y(C1(C2 --C-- 47630
D32=-C3-"Cl/(Cl-C2)/(C2-C3) 4710)
D3 3z-C1 *C2/ (C2-C3)/C 3-C 1 470

EVALUATION OF V'OLTAGE COEFFICIENTS 47340

h--VDl J.Vi1+-Df2-*V'2+ Uf3WvV3 478910

-.V=031*V).+032*V/2+D33*V3 4 192:)
~ GO O 52047940

(FNN. LT .NT ) OR. (P.L T.\JIH GO TO 520 47ý30
47950

-f~IN~fFES~rl~~fE OrMK i}4L4 7 9~IR Pf~ 493
4800 1

.0FCINDXErA. -NE. 3) GO TO- 395 400?\ 3
I rNDXEr A= 4 4834 .i

,.ALL CRVFIT(CRNrVOLTPT(NT, INDXET-",t',MAXPOWPMAXPOW) 4 8 3635
'14AX POW= PMAX POl/ CMAYPO,4 4___ 48 33.ý

TEST FORl ETAVIAK 4 8~2 J,

I IN DX U'A-F0. O2) GO TJ 396 484
IF ((ETA.41T.ETAl).OR.( I'DXETA~.AJE.l)) GO TO 397 4

5 kNDX bT Ar IN U rT A+1 I

L,TFMlM=.APIl( ABS( Cl--CURDNET ),A8S(C2-ZUlD14ET))
VAT! O0=DrM1,kl CJRONqET 483%,

(rMATICLIT.3.0333 GO TO 394 4 St '
!F(IITVAR-EQ-1) GO rO 410 4 6 7ý;
!,!f'1I F (60901 -491J)3

COMPUT AT ION OIF CJRV'!IC- 4;? 3'

'' IN-3 C 4

~NS 1 2, NY +N IIJ? 1NY'



F12=-1.O/ CNl-N2)/ (N2-N3) 4974F13=-1.0/ (N2-N3)/ (N3-NI1) ______497;4P2-f=--IN 2 i` *f f1 f 4991.1,
F22=-( N3+NI ) *F12 493-):
F23=-( N1+N2) vF13 1499o

- ' I =31N2 *N3 *Fl 1~-- 4 99:i
F32= N3 *Nl *F2 5 c
F33= NI 4N2*Fl 3 5 010

-- A- F H4CCITF- 2 C2: F 3 iV.S-50141
B= F2 I *CI + 2 2* C2 + F 2 3*C3 5 0 1.
C=F31*Cl+F32*C2+F33*C3 .3!
NS RF=AMIN Nl , N2s N3 )*RF
CURDTRY=A*NS RF*NS RF+B*N4SRF+C 5 03 4

399 CURDNET= A1INI (CJRDNEr, CURDrRY 5)7

c INTERPOLAtION FOR NS50,'
C 5 0 6
410 rURDNrs= CJ RDNET *CURCN ET 5075C

DO 420 NX=11 IN V5?1
DO 420 NY= itJN 513001

'--'-NS3 (NX, NY)=NS 2 "( ,XJY) 5)O~
NS2 ( NXtNY)=NS 1 ( NX 1 NY)5i>
NS I( NX INY) NS (NK oNY51
A =D 11 *NS I N , N Y+D 12 N S 2 ( NX oqY)+ D 13 *S 3 N X ,NY 51
b= D21 *NS I NN Y,+-02 2 *NS 2 ( 4X , JY + D 2 3 * 1S 3 X , N Y 5 152
C =D3 I* NS I NK Y4+ 032 * NS 2 ( N X rY)+ D3 3 * qS 31 X yN Y 5 15.),

4?J INS(N , NY) A* CJ RNT S +B*CURýW C-T +C-"
5 Ulb

G INTE*RPCLAr Iicji FOR iiAGi

DO 4-3D NX=2t 1H91
DO 433 NY=?, JHMI?

AMIAGI 12~X NY): N1= 0AG I X ( Y
MA GI I C NX NY = MA V-IC .NX, N Y5
A= D I I M CII N X,N YC 12# M AGI12 N X t\1Y +D 13* MA G 13 NXNY) 15
b= 02 1 V AGI1(1 NX 't 1 CŽ2 2 *.A G12(N Xt '4Y + D23 * MA G13 -N X,N Y) 57
C=0310MAGIW1(,\Y)+C3?2.iAGI2CVIX,NY)+,)33*MAG13(NXNY)

t0, MA(*, (,NX, NYI =AC J RCN TS +B*CUR 0\4ET+
PT KNT =PT .NT 4-!

GO TO 40

c CHECl's AND INCREP-mLr k FS H(NT 3r.

450 MESHKNr= Mý3SHKN'f.+1 5 *

BE GI N R PfMS 14G 1 Y S'rO0R, I\4 G NS IN DUtMMY AND MIAGI IN )UVAGQ

IX=1
DO 43 kx!, 1

I'-'

D00 f: 6 3 N Yi=,tJ N
DU1A~MY( I, XV) t~ , I ~ Y)(~

4 IPG f,, 0Y 1'b: y y~i

C (0Mf~j, V- O)JVM' AIDL LJ14A') Af~ HIj4U1L3\iA- INrERVIE3 I1 TE POI NTS



VAX, = I NMI + 1. 55 o
I LEFT MX=3*JN-5 55103
DO 483 IX)It IXXMAXt3 5_53_2.. 0:. 48-3 I-LE FT= , L'EFTM X- 3 .. . . .. . . .. .. . ... . . . .... . ... 5 .

0 4 -3-- ' Ct f t Ff W5 5 4Z:RI GHT= I LEFT +3 555DD
Y'J;:MY (IX IL.E Ff+l)=(+ DJvM Y{ TX ILEFT +OUM4,iYIIX,ILEFT)+)U VMY I X IRIGHT 555D)
U)/3.3 557Y3)

"":;t.'JAG(IX,ILEFT+ 1=(DJMAG( A X, ILEFT )+DU MAGG I X ,ILEFT)+ U MA G I X I kIGHT 55B9)
I /) 3 .3 5 5 3 ,3
( rUt,',(MY(IXILEFr+2(CDJM 4(Y IX, ILEFT)+DUMMY YX'IRIGHT) DU VMY(IXtIRIGH - 5 30
IMl/3.)

,. D:IMAG(IX,ILFFT+2)= WJMAG IX, ILEFT)+DU MAG(IX IRIGHT)+DUMAG(I ,XRIGH 552'j.
! 1 ) 1 3 * 3 5 ,' ** J o

C',4PJTE DJIMMY A14D CUMAG AT VERTICAL INTERMEDIATE POINTS 555"D 3

St.OWMA.X- 3* *N-5 56735
1 Y YMAX= 3 4JN N+i 55833
DO -43' IL0W'h11 !LqwMAK, 3 569))
DO 443 IY=]t, YAX570)i HG h= I LIR +3 571 3)

UUMMY ( ILOd/+1, iY 0[ DJr.I L ILdr'I Y )+DU, iY( ILOWt1Y)÷DUMMY(fdjG)iyI ))Y) 572)3

DiUMiMY( I L0W+2, IY)= DUMMY( 11.31, IY )+DUJM4Y( IHIG-t I Y)+DUMMY(I HJC2ý!" -.1 03
1.3,3 5753¶

M)IAGI I L04+1, 1Y} DJMAG( IL.0iii 1Y )+DtJM4G( ILOht IY)+L)UMNC" (HI rl I~ Y) /3 57ý23

1 I.0 577!):)J Uj ,'!MA G ( IL OWý2, I Y : DU11A G( I L Ow, I Y ) +UM AG I HI GH, I Y)+DU.JVA A I HI CHY) S 7 •~3 1

I R AW)FERk DJ?-i4Y IN f N Ed 4S MESH500

Nz• 3 *:? I -93)N= 3 I*j N-4 56 .3)

• 00 503 NY= 1, JN 45..6 j'•> 833

(N R NY I= DJMMY N(0 NX+1 NYI +1 ES 59710

m l-:. • , - . .. . oeý, "5

TRA-NS!.FPE DW ,'AC, INTO xIE4t MAGI MESH .. . .5 •)

i t2 10

SUC' 51D NX=1, IH h 92ý1

5C 503 NY= ~I J- 58~)

"'Au] (NX , NY bJ•A IMNY) A G X

iRESE I -AND J 10 (HC NJ"-Iot{ 3F IN(.C'i('TS IN T.IE NEW 1*,ESH

1 J+. +J+ j 59:91)

'<ýAE•.•GIN NFt4 ME-ý-H 60! "1

o170 30 50 Y1.,
"" •t, 5s '.' :"'

Jt'•IO .AiIY eRVlr WIf OF VOLTAGEt (.L,RC\ \T AVt) FFFI IEN"Y .

* (6T• ( ,503)1 5,)7 "
i I N DX- - ,I

Vl:)I-I 1 ?=,P=Vf;LT (INOX: 6 1,
.' V "JO 1.P 0), ( I ' |L .



LrTA=CJR0rMP*V0LrTMPPOo4MAX 643
lFTREE.)G O530 61460

i-ýRITE (6,610) lNDX,CURDT%¶P#V3LTTMP,ETA 6151t3

OM~MARY 'OF OJrPJr RESULTS - ~ - . -- - -617D3

0C--V LT ( 1) ~20 03D
\I-=V OC/ VGAP 6N13 3
ICU ROSC-= (-eV-5CRfl( '3V*BV-4. 0*AV*CV) )/2:0o/kv 6 22 0D
!* TAC01.= C RDS C/ CJ R DvAA 62cl3 03
_F:;P MAYP0/1rVJ0C/ CJ P MC 5 2433
"~ ttCE L L= P1,Aý PEWi/P 04M AX 62530'

NuIR ITIf.(b,6 62) V OC V F CU R SCiE TACOL t1M AXP OW, MA XPOW, VMA XPO W CF 63
F T AUL ELL -X0, LN, L P L I EINR 6L
FOPJMIAT /I ,,1SHV0C =, e r.41,It IX, 511VF =~F6.4 /I X, 9H URD SC Al

'I X 13 H rmA X P 0d ~F10Q. 3/,, X 1 OH VM AX P 3W F F6. 4 1 X15 11C F 63:)03
['ý4 /1 X, 0 ET CF ,F6 .4,/1 X , 5H X -1 ,E 10.3,/IX 5 H LN E E10, 3 6 313D0

I JJ.X r5 H LP .103 ./,1 X 5HL I ,E10 .3,/1 X,6 H EN E 10 .3) 532D)
6333)

Sr SO&E' OUTPUTS 1-V VECTORS -- 63403
63500

-'0CD(ID)=VCC, )5'
VF()( l~i=F 6437?31
:.URO:Co( I[k-- CJRDS C 6 19 3J
k,!URrt'XDWk I 0)= CJ RD A 63;')f
<'ACOLU(10)=L-F AC;;L - 4

'PXP04 1 I~ APi V- A4 P~ 0

'Th L.( 1 0 C& F$4543-I

Li: IA II D)kL' z- FT A- -C , L ,4

jrNr t 10 :-N NLP 11

L F IP T I.,. 1) .OTO 730 5

", LECT N~rJr MESHd P AR."," ET ERN~ 3 *

V ~ ~ ~ ~ - 4iI.E2 !L'q'L"'4T- 1

f- . Ni. P1: ,, PT- 3

TA r

I 1 I EVAL ( ~1& 1 1 Pl 'lXJ114

s~ r'evi:R qeqrrj~F ~l iF~a- GMUATE'ý THAN 14AXI MUM ()OWER

~~10"'S

P kPd ~ ' I) 3 3 72 1)

Ci;A



NX OT=INAl 0 -1
IDXXOM=3
T = I C _ _ _ _ _ _ _ _ _ _ _ _ _ _ __61333

13PfS=3 - ------------ -t

GC TO 700 f

H1AS -THE POWER.' OJ TPJT_ BEEN__VALUATED FJ-ý THE -SIX MES-I6 /,3
ARRANGEMAENTS ADJASCENT T) THE 14ESH MýXIMUM POh-ER POINT 5 7 4

6'O

IF(IC.EI.C= IC
-NL N1 = 14LNT eS,6P

N1. P 1=NL P T 0f
NXOL1 NXCT Sop),
I F IC .NE -I T GO TO 700 ---- ---- 6C5:',)

EVALUATION OF ijJTPUT PARAMETERS FOI 3 ADDITIONAL POCINTS 61j

13 PrS= 1 6 8 ~
J LN P= IEV AL N LNT +1 N 1. P TtN X 0T 6,0 C,'
JL NM=I EVAL (N L NlT- IN PTtN'OT )6',')
J LPP--I EV AL( N LNT ML PT +_1,N X OT 5:;

JLP.M= I EVAL (NLNT NLPT-It14XJ~T) 6 9 33)
JX OP= I EV AL (NLNr, k&PTNKOT4-1

JXOVM =IEVAL(,NLlr,NLPrNXOT-I)

IF (PMXPCIeID(JLNP).GT.PMX POW D( JL"JM) ICLN1 l- 6-'i
A UTCN=I CLN -6

I CLP -l 6
I F( PIX POfJ'(J LPP I. GT .PMK P~rD( JL PM) TCLP=l 1Y
RICLP=!CLP -ý I "I - -

RIC,>O:: ICX 3 U

73.) LNLP= I EVtL( NL14T+ I CL.NNLPT +ICLP, 1XOT 7,
LNXrJ-f I V AL (141 NT +I Cl.N, NL P Tt %4 X 'iT + I C X3 )
LPXO=IE-VýL.(tJLNr,\LPT+ICLP9,JYJT+ICX)) 7o*.'

NL P =141 PLT + IC LNP7t

NX 0 =NX Gl
I F(I NL P. T-Q.3) GO TO 5 7' r
I F( PM)(P fl,ýD ( 11V).LT.PMXPOtJ0(L\IL)) G] TO 710
NL P1 - NL Pr 7 .
N?: 0! - 1,VOT 4 IC ý n )
IJ- ,NX 131. E kl.N X 141N) GO TO 7 ý 7
IF (LNXO.FOWD GO TO 5 7 ~ '
IF (fPXPyD( IFrk'iLT.PiXPO~oD(L'JXQ) G) TO 710 71Z

KPll=';L PT + I C 1. 7 ! i
I F(L P X0.Eh F . O TO 5 71 0f)

EVALUATION or COEFFICIENTS F3-R POOPR 11 SEC.OND 0i(DE'k EXPAN'SIOC-N "

C AL L C Crr-Fr P?(r."I,'C' -

P&r~ CI NTi -

I AA C ItU Y. -(''(Alf Fe-, 30 ILY U S



ndOXOM.E.2) M(3,hO 86-

P 735 NV(=l ,3 3
F 15~ XPt (NX, 1 )-0. 5 * M( NX, I_

I fVALUATit'J flF OJTPJTS AT INJTERPOJLATE) MAXIMUM POIRER POiINT 7 rý3,J
7343k

ýo44X Puw= D( P14Y.PW,'IF'jtB 4, MXHl 7353,
LN IN N L Nr 7353-

N, N L P 7370ý
Nx O= N KOT 7 38 0

*NL N=NL N 4XMI4i1 7'3901",
'NLP= LP4+XM(e" 1) 7 43)
'JX O=NX O+X MO,1 7 4133
:R ITLE(6 1660) NLNr L P, NXKDAw'tBM 74

116 CON-14T( 3ý13.3)___ 743CO

GO 7 If 3 32
,.ALL L IGEN'(AM F IGV AL t3t !DXXJM~i 4433
.!RITE(6t56o) 7453%,)
'4IrE(6,660) E[GVIAL,AM 7 14 ý-O

137 C AL L C01C FF C M XP Os 0) 7i 7 3 3
C OAX PON = D CMXPOd Dt FeT),BM, A4 XM)72
_."LC- EF F(V 0C D)74
VOCCD (VrCO( I F r, 15M, A14, KM7
rýALL CC.EFF(C.)RDSCD)

l ROS C= OtCJROS CD( I ET)BM, AM, X14 3Y
%UL'. COEFr-(CJRDMZxD) 75 .1 j
slI)MAY.O(CJRCMKD(rr:I)tbi4AMXM) v ?7 543X;

t'.L =CJRCIýC/ CJ lk CMAy 5
1%%Pfl-)dPM A- Pt),, CMAX~O P04' 7 i"

'*'AX PU4\ (IC/ Cif"Psc 73 51
=V f-*(F 'f rAC)L 1
V G A 0 rc JR fl,0,A Y 7 3

K 7 5 11~

X 0 4761, 7 6 3

/ I i v 4 IiH , t 9* 3t 2Xt 4m, t F' '4 3t `X 5L, 51JL E~ 3 2 X 7 93
- -).3 2l.t6HlS1 1: t I ,1/I ()}

*4 3s Ij: oH1 jiliN , HLP , 3hyJ *6HUV. t 6hVI- ,IOO1< ,SC. 1; 77)

1011 1 p0,4Ax l lli'4AX OW V4 P W t 101 pm 4 p , W ?'

IP 1.',~ t 11)~ ~()~Cf~~~O ~ ~ j~ ) ,kY~l.t
I.*I,*Z 4 9 L I ~ ' * l ~ , , ' , . , ~ yII

41 1 J %'L'i lit.J' TP )~., 1'L l.3,r( P',,l0 ? If6 P) 1 1.4:).')P

i;,, it f.6 .- /,, 3 1?

3,' i- IJ 1: 1C 511

o.,i ''' 7



-87-

,I , ,A-(., 3 )=3 73554
* #::L,3 )=Ali(3t 2 :0 1 78553
COP Tn 713 78561

78730
!F4'AT (IX,I7HSJCCESSFJLL E-XIT 7I) 7833D
" 'AT ( I[X,' (2.,H 3.6)) 7 B9 3?
k; -,.r T I X 79033""-,i ,' ;~ AT I I X, HmLS I lKN T 14, I, qf-L '13•PN' ,1 4,1 17 i

-,* " 'AT I l / , L I,,' -'ES! I' 1 :, 12, 1 X 9HPA ThK4 1 ,12# 7923)
R M"4AT /,It/ , ,27I MAXiP.;J'4 I-FFICIL'jC Y VALUES ,/t7/)

--i, X 1 5R~ i/t/ DI Kt •;i 'q T 6X , 7 HLU•4 '4 ET SX t 7HVOL TA GE 8X 3lETA,/ 90
ý._) zR'A.AT 1 X , IC), 4(' (, F, , 10. 3} 7 950

i CR14Ar c iX,f 12.4) 79553
- LI7 5,'.) 3

4

-!'4

y

4Ž,

I% f



S• ~ ~ ~ W.. • u J , I N E L(, O b F f {D M ) " 7 ) ,
COP i3\, I J JL P, JI. NMJLDP, JLPv, JX)P,,;XP1,4I ';LP . LtNXO), I PXO ,RI CL, f 3 3--- i--A II. P IC< C, BM(31 1 ),A;0-1 { 3, )ItJ 4L4( .5G0),JALP i5C),J\IXO(50) ,il "9 9-• ?'F 4  [(: 

•.'(5JI j j)
All i,I :( O.( JJLNP + 0 ( JL' ) 02.O-D0( [Fr) h i uI,I (10!=0( i (JINPI -O-v( JLN' I )/?.O ()Ž'.)

P ;"1 2 • l 0 D{ ( JL ;)D +DM( JLL P )/2 ,,-u)- ( IET IS-.vP, v(?, }= UU( L P -Cv,( J, PM 4 ?.O 6' "
--- (?.,3 ) 0f-4 ( JX )P +O,( J):,, 4/2.. 0-DOhl [tE I• 5Ii I , I PI ) -- '( J Lx ) -U'P (J'UiM )/2.3 G 0 )- I # 2 A! ý . , - , IA).=,1):.( C LL P )-ON( IE [ r )-84 1 1)r-R I[L.N-6 1'( 1, l r1 CLP 07 .
-AnM( I, i )--A!{ 2 1 1 , 2 2.0/R I CL'I/ I ICLP £ 9j
A M I([, =AM ( 3, I J . 8.
P'(2, k ,:A'-( ,2) : . 8 :3 jfr L (( X i. .I1-C 01 .OR.L P)L .3Jt O1 T JqT p . P.

; )=A'"(.3, 1 I (L'(L%.(< ) -i".1 IET )-i 1 I , ( 1 .'4-3M(3, L)RICxC,

' , ? -3 -,"M( 3, 3) C k' L fl)-U.M( I,:T )-34 2. 1) * 1 LP-3Mf3 1 *Rl Cr CX F, I,'P , .1.,? -AV.( 3,31 12,0/ R I Ci. Pl 1 IC X} J I ýT
0r T, t 

8• .'i.S'NI) 
8! 43:1

5--



F'.NCTION C( D 1 Erl ,M, AM t XMD0 MECNS I CN A4( 3, 1 ), ItN( 3, 13, XM( 3, 1 jj

DO 833 I:-,3
lDD• 01I , I I ,3X M( I H Rl
00 83D J= 1, 32J ),O D=O+A'•4( 1,J)*XM( It I}tXM(Ji 1)"
RETJRN 

q,22J3E NI) 
P8 2 ,3 .3

I.
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FUNCT I•N I EVA L( .LN , NLP It NXO1 ) efl.
CCMUN I ET, JL9 P, JLNP , J LPP, JLP P,JLPM J XOM, LY. P ,L-NXO, LPXO,RI C LN

I R ICL P, R ICXCt 8M,( 3, 1,AM( 3, 31,JNL kJ50} JN L P(5 C,,JN XO[5 0) ID q

I P=3 ,. I
IEVAI.=ZO 2

8 1 1F(I P. EC. IC) REr JRN
I P= I P+ I
IF (tL.NI~ E.JNLN( IPH GO TO 3810 n3l'
IF (NLPI.NE.JNLP( IP) ) GO rT 810 1
IF(N/O1.NE,JNKO( IP)) GO TrJ 8 10 11
IEVAL= [P • 34,.
RETU RN 8 1,
fEND 8 36 3

'I

I.



-- W f IJt CR41-11( C1,vjt VAr IKNT,9INJXE T4 CLRONE T PMA XPUW)I

'iLICN VOLT( 3:)), CRNT( 30), C1(30P 30) 1T( 3C) rIMI.(30)tPOWER (10)

'.) CwLR IN T ERIAS OF CJ~RC'J T A140ULV1TAGE 84200

IPrKNI 8.104 3 3

I VJ PL'CM r ( I~~iS ) )CR"4 I-J 1 ~ E 111.503 KEW~L O~F.
A84 1',) 0

AMA)' I ( PIn It-( "i) 4 r I,4 P 'd2 R 1 T r- 1I45 ')
I "I!,T Y r 8 1 Y

j* CV J)C'( II J- I) *Co,4S( I) 3 553'J
L L N1 QIC Cmt f"I-UPo Tt 59#," f<\T9 I? ILE P 85 '1, Y)1

I'! LH3 III 85 2

iC ri Ti M¶AX IP1J M 110rIE R P31['IT \10,

r, T ro

I I ' I, .
A* 75

Y 'p r , N ' [ "P

& a? 7

gal.,, a ~. *'~* '~I~2

K ,J 'f'4 r MA ",) . Ov *7 1

T i f +



,, ~ ... ',, • ,, 'LI' ,;Tl rK iT .1 'i, LJ-3\.O i- dIb i,

'Fr Pfl(Nr, - r,-R pF 3'- --. i - -- - -

'" ~ • I'• T M I 30}• i
-'2• i 4:),' J

I' PT'-• K•' !,f el f") l CT•ZB 5
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-93-
1.Jb644iI

0.*311 3 E l
F 3 .4637E1-

i :,OO3F-DJ 3.7719.+I. 2.6068E+?1
))3L-)3 4t..3?5F +I) 1.6745F+21

uJDF-J3 4.215 4E+19 1.?28334F+21
0, )., E-:3 4. 3 V5 )2E, I , 1.&335F÷+2t0, < OE-1 4.4 7ý.• E+ 19 8.6090C,4 20
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