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The reaulys of czleuwlabicns of the performance of & planar p-i-n
thermophwtovolisic cell are reporied, A computer program hes been
vrivien whick autcmdtically optimizes the cell geomelry. The program
pllows the bulk racorbination rete, the swrface recombination velocity,
tne hele and electron mobilities snd the intensity and epzctrum of
radiation illmivnting the cell t» be chosen arbitrarily. The perform-
aase of germaniuwg  peion c2lls is investigated for wonochromatic red-
iation sud redistion from 18'1’303( erbium oxide and black body sources.,

Experimental work lesding to the fabrication of interdigitated
p-i-n thermophotovolitaic celle is described. The results of tests
evaluating the performsnce cf fabricated cells are discussed. A series
ot axperimentgwae carried out to determine why the performance of these

cells was belov theoretical expecta<ions.
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| SYMROL LIST

width of n contact

po
1]

width of p contact

i
i

!‘i = gpacing between contacts

X, = thickness of device

n = excess carrier concentration

e = electron charge

n, = intrinsic carrier concentration
V = voitage

k = Boltzmann's constant

T = temperature in %

*an symbols used in the FORIRAN program ace defined in Tadles XII
and XJIIT.
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INTRODUCTION

This is a finsl report on the work which was performed under coueract
number DAABOT~70-C-0129. This report contains & deteiled description of
the work performed from June 1, 1971 to June 1, 1972 under the above con~-

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

A}

f}a which was performed under the same contract hac been reported in the annual
‘ﬁj~ report TR ECOM-0i29-1. This report, which will be referred to as Report
1’; No. l} was published in August, 1971 with the control symbol 0SD-1366.

' The purposes of this contract were to thecoretically investigate
germanium p-i-n planer photovoltaic cells, 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
shows & 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 hes a significant advantage cver the st ndard p-n photovoltaic
cell in thermophctovolteic applications. In order to do this, the perfor-
mence 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 &llow the
computation of cell performance under a variety of specified incident
radiation spectra as well as & variety of materials parameters such as
surface recombination velocity, bulk recombination rate and mobility.

The computer program was described in Report No. 1.l During the last
year of the contract this program has been expanded to allow for automatic

cptimization of the device dimensions when the incident radiation spectrum,

P,



B

ted surface

1 umi

(R ey

/B

contact

n

p contact

e,
S

g

LB R AP rE
el .

Plener p-i-n Thexmophotovoltaic Cell

L 4
~—
@
H
]
ob
~ld
<]




4

~3e
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 18739K and radiation
from an erbium oxide radiator at 1873°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 energy. Thus, radjation
from an erbium oxide source can be converted into electricel energy more
efficiently than radiation from a black body source.

The second part of this report de#tls with the experimental program.
It contains & description of the procedure used to fabricate p-i.n
photovoltaic celis and of the investigations that were carried out in
connec;ion with the fabrication proc :s6. The results which have been
obtained to date on the performance of germanium p-i-n photovoltaic cells
are discussed. A series of tests Wascerried out to determine why the
performance of these cell: 2 below theoretical expectations.

In the third part of the regort the most significent theoreticél
and experimental results are briefly Ciscussed and recﬁmmendations are

made for fubure work.
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I. THEORETICAL INVESTIGATIONS

A. Introduction

In Report No. 1l the results of the progrem to optimize the design
for a device illunimated by black body radiation were described. It was
clear from these results that additionel 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 automaticelly 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 & function of minority carrier life-
time for which the rate of recombination due to recambination through
trap sitesis equal to the rate of recombination due to radiastive 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 lifehime lies above

the curve, the dominant recombination mechenism will be radiative
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reccmbiretion. If the open circult voltege lies below the curve, the

dominant recombination mechonism will be recombination through trap sites.

Since the minecrity carrier lifetime for the starﬁing material is in excess

of 2 x 10-3 seconds, it appearsbthat for operating conditions vwhich would normally
ve found in the operaktion of & fhotovoltaic cell, (AN lol7electrons cﬁs)theaamﬁint
recorbination mechanism world be radiative recombirnation. If, however, the
minority caxrier lifevise in the bulk is significently reduvced during

processing (say to & valus of 10 to 100 I sec.), then the dominant recombi-

nation mechanism would not be radiative recombination, and one should base
lifetime calculations on the vsusl lHall-Shockley-Reed type recoabination
statistics. Since the purpose of using intrinsic material is to obtain a

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

of ouwr calculations that the écin'ut recowbination mechanism is radiative
cecombineticv. . Ino 2ddiciive rocoriinetion paraneier is found to be egual

to 2.8 x 107%" ¢.2 sce™d from funduzental theimodynamic arguments? None of

vhe devic.us, waich ars described in cnrpter II, were operated in the radia-

tion rccomhinatior region during perforrancz tests, performed under this

cmiract. The reasone for tnis are discussed in chepters II and III.

Ve LCLuLLLE
Tne reoulos oo, Low oowd the ADOL proge.m 2re sumniarized i.. Tables X, I,
v ond i, Th: results Jou r.oochramiatlc rediation will be analyzed in con-
sideruble ¢ntusl. ooy of sk wvrelusions arewn from these results will be
epplicable to thcze cbturned forr blact body radietion and radiation

frci an erbivr onid¢  couren.

1. lonochrerat<~ y~3"anio.

The pe~forr oo of 4h: v-l-a el o teen annlyzed for three different
raveleanptlks of ry ockbecratic relintioa. The wav:lenzths were chosen so that

their ebsornticn 1z %t

15 wonid very over A range of values which would be

e e e v r——
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syoroximately equal to realistic values of device thickness (xo). The
three wavelengths chosen were 1.50 pl, 1.54 m eand 1.60 ult with respective
absorption lengths of 2.3 ;m, 21 pl 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 ym. The maximum current collectsble
yer unit area of illuminated surface, if every photon capeble of generating
a hole-electron is absorbed (CBHDOPT), is fixed at 5 a.mps/cmz. The following
observations can be made from the results in Table I:

1) When the excess carrier concentraiion is very large, the optimum
device thickness is determined primarily by two conflicting factors. The
device should be as yhick 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 recombinetion can take place increases, while
the relative increase in the number of photons absorbed tenus to become
spaller. Therefore the excess carrier concentration must decrease. This,
of course, results in & reduction of output voltage.

The dependence of open circuit voltege and short circuit current
on device thickness is shown in Table II. The date in this Table is
obtained from the output of the program from which device 11 was ophimized.
Note that as XO increases, the open circuit voltag: aﬁd maximum power
point voltages decrease, while the short circuit current and meximum power
point current increase.

In cases where VSB and VST are both O (devices $1, 1l and 20), the

optimum thickness (X0) is roughly four ebsorption lengths. About 90%

N of the incident photons are absorbed in four absorption lengths.

R T a2
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TABLE II

5
Dependence of Cutput Parameters on Device Thickness
}\ Ll 1954 um

IN = 5C 4,3 L2 =175 u‘m VSB = VST = 0
X0 yoc CURDEC VMAXDOY CHAXPOW PMAXPOW

{80 (volbs) { smp sm"z) (vorts) (emp cm'z) (watt cm'z)

25.0 5186 3.475 iy 3.27h 1.454
37.5  .5127 h,158 4385 3.913 1.716
50.0 <5075 k,535 433 4,263 1.848
62. 5 5029 b.743 4289 4,455 1.911
5.0 %988 4,858 L2ky ), 558 1.937
87.5 L4951, 4,921 4213 4,614 1,94k
100 5018 4,956 S8l i 642 1.9%51
125 486), 4,086 JL12h b, 661 1.922
150 L4814 k.995 4077 h,661 1.900
175 4773 4,997 5035 b.656 1.879
200 4738 L.996 3999 4,648 1.859

*
The FORTRAN variables given in this table ~re defined in Table XIV

The dats is cobtained f£rom the output of the progrem from which device 11
of Table I wns opuimized,

;
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2) In cases where VST and VSB are both O {device $1, 11 and 20),
PMAXPOW increases as the al;sorption Jength decreases. This is because
the optimum value of X0 is spamller sud therefore the volume in which
excess carriers are genercted is smeller. Hence, the number of carriers
generated per unit volume it greeter, and tvhe open circuit voltage
developed &t the contacts is greater. This zonclusion can be collaborated
by & comparison of open circuit voltages for devices 1, 11 and 20. Hote
that the relative variatios in open circuit voltage is much greater than
the relative varietion in short circuit current.

A gecond advantage resulting from larger excess carrier concentrations
is & reduction in the resistivity of the bulk and, therefore, a reduction
in olmic loss due to the flow of current vetween contacts. However, this
effect is almost negligible for the large excess carrier concentrations
in devices 1, 11 and 20.

3) It would appear that the oytimum contact widths IN and LP exhibit
e strong dependence on the surface rrccmbination velocity. For insvance,
in the case of devices 2 and 3, & sut.l increase in the values of VSB
and VST from O tc 10 cm sedlcauses i optimm value of IN to change
fram 31 ym to 119 yr and the optimum value of LP to change fram 51 yp to
20L ym. These changes, however, sre nut significant; for even though
the optimum contact sizes change greatly, the output power is quite
independent of contact sizes {or small vaiuves nf surface recombination
velocity. This is shown for devices ¢ #nd 3 in Table III. These devices
are illuminated with radiation of a 1.%0 , . wavelength. The output power
shows similar lack of dependence on LN and 1.° for samples illumiutied with
radistion of other wavelengths when surf. :e recombination velocities

are small.
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TABLE IIX

. Verigtion in Maximum Power Output for Different Contact Widths

(Devices 2 and 3 from Table I)

VBS VST LN 1P PMAXPOW
(cm sec'l) (em sec‘l) (u=) () (watt e
0 0 30.6* 5;.0* 2.049
5 100 2.048
25 100 2.048
12.5 50 2.048
25 37.5 2.049
10 10 n8.7*  200.9° 1.963
150 250 1.962
L) 250 1.960
50 200 1.961
150 150 1.962

*Optimized dimensions.

e o ey — s
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4) As VSB increeses while VST is held constant at O (devices 9, 10,
18, 19, 27 and 28), there is a tendency for IN and IP to increase. The
effect of increasing IN a.nd. LP while holding LI constent is to docreese
the fractior of the unilluminated sur-face which is subject to surface
recombination. Thus, fewer excess carriers are lost due to recombination
on the unilluminated surface. This tendency for th: contect size to
increase is counterbalsnced 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 contacl is increased. Thus, as the recombination velocity
on the rear surface increases from a value of zero to & larger value, we
observe IN and IP increasing until the series resistance begins to dominste.

5) In cases where VST is increases while VSB is held at O (devices
15-17 and 24-26) there is a tendency for the device thickness to increase
slightly until VST exceeds 100 cm/sec. The tendency for the optimum device
thickness to increase cen be accounted for by realizing that as the surface
recombination velocit; incremses the relative importance of bulk recambing-
tion velocity dec.~ases. As X0 increases, the average excess carrier densit
decreases. Thir in twm, “ccresses the total recombination. Increasing
X0 also increzses the numver of carriers generated, although the effect is
quite smal), when XC is greater than three absorption lengths. As the excess
carrier concentration decreases, VOC decreasess. Thus, thie optimm value
of X0 represents tne best compromise between these competing needs. The
optimum velue of XO will change as the relative importence of the surface
recombination clisnges.

When the sucface recombination velocity exceeds 100 om sec"l, the
optimum thickness tends to decrease. This is becsuse the excess carrier

cuacentration becomes low enovgh to invalidate the 2ssumption that the -

" w;%

E
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excess carrier distribution is fairly wniform in the bulk region. Since
most of the excess c&rriers' are generated witola e absorption length
of the illuminated surface and since these cuaysriers must diffuse to
the contacts to be collected, the excess carricer corcenbration inm the
region of the contacts tends to be significantly less than the average
excess carrier concentration in the bulk region when vaure is an
appreciable current flowing through the contacts. Thus tue meximum power
point voltage will tend to be significantly reduced. The devices tends
to becowme thinner to minimize the reduction of excess carrier concem.estion
in the region of the contacts due to the diffusion gradient.

6) In cases where VST end VSB ere held equal. (devices 2-5, 11-1%
and 20-23), the effects of surface recombination occuring oa the illuminated
surface only and on the unilluminated surface only are .combined. 'Thus,
iN and LP increaze as VSB increases to 100 cm sec’?% and {for devices

11-1k and 20-23) XO inoreases as VST increases to 100, but starts to

decrease as VST increases to 1000.

2. Radiation from an erbium oxide source

The results obtained from the ADOP program for devices illuninated
with radiation from sn 1673% erbium oxide source are sumsarized in Tables
IV and V. The current-voltage curves of these devices are plotted
Figures ¥axige In genleml the observations made for devices illuminated
with monochremetic vadiation are applicable to these ’devices.

For an idezalized device (device 29) the conversion efficiency is
14,7%. I VST is held at O, very little d-jradation of output power

occurs ®or values of VSB smaller than 100 cm sec".'.L On the other hand, if

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

c o w w p—— e e =
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as VST is increased from O to 100 cm sec”l. This is because the area of
the illuminated surface is much greater than the_area of the portion of
the unillumineved surface hetween contacts,

For devices where the surface recombinetion velocity is the same on
both the fllumisated an unilluminates surfaces, the majority of the
surface recombinations occur on the illuminated surface. However, it is
expected that during processing it will be more difficult to maintain low
surface recombination velocity on the unilluminated surface. Therefore,
the total number of recombinaticns on either surface should be of
comparable msgnitude.

Scme of the results of Table IV have been plotted in Figure 5. As
vould be expected the output power increuses faster than a linear rate
with increasing incident raciavion intensity. However, because the radiativ
recombination increases as the squere of the excess carrier concentration,
the rate of rise in output power with increasing intensity is not as rapid
as would be the casse if all recombination occurred through trap sites.

The effect of reccmbintiion througnh trup sites is shown by the results
sunmarized in Teble V'  These results are plotted in Figure 6. It is
interesting to note thai tae cpen ciccuiv veltages of ¢.vices 49 and 50
are preate:r than {h- open circuit voltag~ of device 29. This is because the
recombinalion rate i2nds t¢ vory lincarly with the excess carrier concentra-
tion (m/T } ratker than with the square of the excess carrier concentration
(rna). Therefore, s the Jevic: bueccowes thirner, therrelative increase

in excess cerrier concentruation and open circuit voltage will be greater.
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Consequently, the optimum thickness will tend 5o be smaller and the open

circuit voltage will tend to be greater.

3. Radiation from & 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 VI. In
general, for the same value of CURDMAX, the cptimum device dimensions
occured &t slightly larger velues 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 18“{3°K blackbody radiation while device 29 (Table IV)
has ¢ conversion efficiency of 1%.7% when illuminated with 1873% Er203

radiation. In both cases the value of CURDOPT is 5.0 amps cm'a.
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II. EXPERIMENTAL INVESTIGATIONS

A, Introduction
. The discussion of the experimentsl work will consist of the following:
(1) & brief description of the device fab. icstion process; (2) & detailed
deseription of investigdtions involving the fabrication process; (3) a
discussion of the performance of devices that have been fabricated, and
(4) = listing of the deficiencies which exist in dévices that have been
fabricated and a description of tests thet have been carried out to

isolate thege deficiencies and measure thelr effects.

B. Description of Device Fabrication Process

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

1. An intrinsic germanium wafer is chemically polished on both
sidea.z

2. An *‘nsvlating film is deposited on both sides of the wafer,

3. A pattern for the formstion 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 Fi‘gure D

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

7. Metal(s) for the p contect is vacuum evaporated on the wafer.
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8. The metal(s) is etched so that it covers only that portion of
the wafer on which the insuiator has been etched'for the p contact.,

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

During the course of the experimental work sopme devices were
fabricated according to the above procedure. A number of variations in

this procedure were investigated, and & variety of insulating films snd

contact metals were investigsted.

N contact
metals Insulator

REreanitm e

2270l Ll Ll L LLLL L L LLLLLL
T

Insulator

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

intrinsic gersaniva

7777777777 L2l L L Ll Ll L,

illuminated
surface

Figure 3, Cozpletely Fabricated p-i-n Thermophotovoltaic Cell
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C. Experimental Investigations of the
Fabrication Process

1. Insustor deposition

The insulators whici huve been investigated are pyrolytically
deposited sillcon dioxide and vacuum deposited aluminum oxide. "

Silicon dioxide deposition.-- It 1y desirable to carry out device

processing at the lowest possible temperature in order to prevent diffusion
of lifetime destroying impurities into the germanium bulk. Therefore,an
invegtigation was corried out. ir order to determine the lowest possible
temperature at which the silicon dioxide could he deposited. A reasonsbly
fast deposition (500 X/min) cculd be cotoined at & temperature as low

as 310°C.

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

the p contact was formed before the n contect. Aluminum was to be used
for the p contact. After the aluainum was deposited, etched and alloyed,
silicon dioxide was deposited on top of the aluminum. Windows for n
contacts were then etched in the silicon dioxide, and metals (gold and
antimony) fc* the n contect were subscquently evtporeted and alloyed.
The necessity of elbcking the n contact metuls wos to be eliminated
because of <he insulating layers vetween the aluninum and the n contact
netals.

The results of atteegis to fuhclicate devices with the above described
procedure were ac follows: In cases where the ailicc;n diaxide hy:er
was ceposited on top of the aluninum contect el 360°C, the p and n contacts
were invariably shorted. Furthermore,the silicon dioxide invariebly
cracked on the alumimra cnce the thickness of the silicon dioxide exceeded
2000 X. Devices for which the silicon dioxide was deposited at 1625°C

were occasionally woriable.

- =g

o - St s s

A, Pt g i T
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Aluminum oxide deposition.-- An investigation was carried out to
determine if vacwm evapora:ted aluminum oxide could be tsed as an
insuleting 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,_, f£ilms.-- The positive photoresist

2
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.

Pirst of all,the developer which is normally used with this photoresist
(A22350 Developer*) contains an abundance of sodium ions. Since silicon

}-_g, dioxide is highly permeable to sodium ions and since it is feared that

these ions will have & detrimental effect on the surface recombination
] velocity, it is desirable to use the developer }Q’-'Illo-l.*

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

| deposited silicon dioxide, and,therefore,it is necessary to teke extra
precautions to insure adhesion.

2. Contact formation

] In order to avoid excessive leakage of minority carriers through the
! contacts , ;.t is ‘necegsary that the contacts be very heavily doped and
fairly thick. The requirement of low temperature processing rules out
f‘ ‘the use of high temperature diffusion techniques becayse of the danger of
| diffusion of lifetime destroying impurities into the germanium bulk.
Heavily dcped 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 fiims

¥
Mfg. by Shipley.
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of -contéct metals (L,mor thickér). Experimental investigations have

shown that the thickness of vacuum deposited films is limited because

of ‘the effects of surface tension in the films., The increased surface

- - :tension of thick films hes ‘two adverse effects: (1) There is & tendency
for the films to ball up or develop craters during the alluying process.

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

n contacts

Kimu has investige: "~ several combinations of metals for forming

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

e when gold was used as & carrier with arsenic and antimony being used as
- dopants. For this reason investigetions were carried out in which these

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

DTl

that vacuum deposited films o‘f gold and antimony adhered very poorly

to germenium, and, therefore, it was impossible vo 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 etch the

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

ot e s

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

WP 35

o

»position of silicon dioxide on the aluminum contact pattern was ommitted.
Instead, a second layer of aluminum was evaporated and etched to cover the first

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

P S iatporincsis e Sor B - Syt SRR

alloyed to the germanium 3t a temperature below the aiuminum-germanitm

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

AR

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

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

PR

during the photo etching process) could be etched to separate the n contact

e b e b—————
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from the p contact. It was evident, however, that the gold-antimony film
had interacted with aluminum film during the &lloying process.
The proposed steps in the third sttempt to fabricate a device were

&3 follows: (1) Silicon dioxide would be deposited cn both sides of &

germanium wefer. (2) A pettern would be etched in the silicon dioxide
: on one side of the wafer througa which the n contact would be formed.

| (3) Gold and antimony would be evaporated and alloyed to form the n
contact. {4) The gold-antimony film would be etched so that it would
remain only in those regions of the device on which the n contact puttern
had been etched through the silicon dioxide. (5) A p contact pattern

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

: that it would cover only t'e p contact region. (7) The aluminum would

be alloyed to the germanium.

4 After the gold-antimony f3lm hed been alioyed [step (3)1, however,
large areas of balled-up gnl:i-antimony alloy formed on the silicon dioxide.
When step (4) was carried out, it was observed that the photoresist broke

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

An unsuccessful atiempt was made to improve adhesion of gold to

germanium by evaporating a mixture of gold and germanium simultaneously
on a germanium wafer.
Eventuslly it was discovered that gold would adhere extremely well to
germanium if the gold were evaporated immedistely after the germanium

] .

4

.x.
surf'ace had been subjected to an argon ion etch.

,‘,‘
A
Shaiar, ® o o

*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 duratior. of the ion etch is about 30 sec. The germanium wafer is in
good electrical contact with & cathode that is maeintained at & voltage
of 600 volts D.C.
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Several methods of "etchiné" the gold entimony 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
vacuum deposited f£ilms.

Ultrasonic 'etching!-~ Although gold sticke 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 remeving the gold-antimony film from the silicon dioxide with & rigorous
ultrasonic cleaning. Although this method of "etching" is procedurally
simple, it has two disadvantages: (1) It does nct produce as sharp &
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
tilm to germaniwa becomes poorer.

Photoresist 1lify-off "etching'-- A third method of "etching" can be

carried out as follows: (1) A photoresist pettern is developed on the
wafer. (2) The metal film is deposited. (3) The photoresist and the metal
film on top of it are stripwd from the warer, leaving & metal pattern
which complements the phaotcresist pattern.

This method of etching has three disadvantages: (1) It does not
produce as sharp & patiern as chemical eventng. (2) It does not work
for films that are too thick. (The photoresist won't 1ift off thick films.)
(3) It is inherently dirtier then chemical or ultrasonic etching.

The acvantage of photoresist Lift-off etching is that the problem

of etching the second metal contact pa.tern without attacking the first

is eliminated.
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A device was built using lift-off etching techniques. The processing
steps were as follows: (1)‘Silicon dioxide was deposited on both gides
of & wafer. (2) Both p and n contact patterns were etched in the wafer.
(3) A photoresist pattern was developed which lefi only the p contact
region uncovered. (4) An aluminum film was deposited. (5) The photo-
resist and the aluminum film above it were stripped fram the water. (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 ahove it were stripped from the
warer,

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

arsenic was used with gold or gold and antimony to form alloyed n contacts.
Two noteworthy observations were made: (1) Arsenic-gold and arsenic-
antimony-gold film tended to stick fairly well to germarium, 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-santimony-gold films of comparsble
thickness.

Other combinations of metals have been investigated for n contacts.

These investigations are discussed later.

P contacts
Aluninum has been thnroughly investigated ss material fo. forming

p contacts because of its very high solid solid solubility in germenium.
Thick films of aluminum (of the order of 10 ym) 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 down, 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

vhotoresists would hold up satisfactorily if the f£ilm wes etched in
*
werm eluminun etch ( approximately 40°C).
Experiments have beei. conducted to determine if the adhereance of

aluminum f£ilms could be improved by an ion etch, {although aluminum

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

thet the adherence of aluminue 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 deteiled investigations of aluminum will

be discussed in the following section.

Alloying
An 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 quelity of the films was judged on the basis of ‘the smoothness of

the crystal regrowth region in the germanium.

Junction stainiig solution.-- Some preliminary tésts were carried out

in order to select & suitable junction staining soiution. Aluminum balls

were alloyed to germanium substrates o form thick heavily doped

regrowth regionsin the germanium. The substrates were lapped through the

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

#
The composition of aluminum etch i1s given in Table VIII.
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obtained with & 30 second stain in a solution consisting of 20 parts

HF to one part HNO3.

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 inn etch.

The alloying was done in an alloying system in which the substrate
was placed between two carbon heater strips. The heater strips could
be heated independently,and thus the sample could be alloyed in a temperature
gradient. The spacing between heater strips was about & half millimeter.
The sample was placed on the lower neater strip with the surface on which
the metallic film had been evaporated ficing upward. The temperature
of the upper strip was maintained about 100°C higher than that of the
lower strip.* The alloying temperatures givern in the following discussions
are those of the lower substrates,

The samples were heated at a rate of abcut 10% sec':1 A cooling rate
of about 5° ¢ seélwns begun immediately after the alloy temperature had

been reached. All clloying was done in hydrogen.

Aluminum f£ilms.-~ Aluminum films approximately one micron thick

were deposited on germenium substrates. The films were alloyed at
temperatures of 45000, 500°J end 700°C. The samples yere angle-lapped
and steined. In the samples which were alloyed at 500°C and 700°C, the

regrowth regions were extremely irregular, and there was no percepteble

*According to EerNisse’ 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 &t 450°C.

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

aluminum f£ilm.

There was no perceptable regrowth in germanium regions

under these craters.

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

deposited on 2 germenium substrate znd alloyed at 650°C. The film balled

A
<

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

under the balled up regions.

Aluminum on indium £ilms.-- Indium films (approximately one micron)
Pollowed by aluminum films (approximately one micron) were deposited on

germanium substrates. The films were alloyed at 650°C, 500°C N 1&5000

~3 and 350°C. The regrowth region of the film alloyed at 650°C was fairly
.} smooth, but it got progressively more irregular for the films alloyed &t
500°C and 450°. The regrowth region was quite smooth for the film
i:_;' alloyed at 350°C. This was probably due to the fact that the alloying
temperature was below the germanium-aluminum eutectic (u2u°c),and, there-
fore,the aluminum film did not liguify during the alloying process.
‘ The "cratering" effect described in the discussion of aluminum films
also o~cured for these tilms. The craters tended to get progressively
, smaller at lower temperatures and were impercepteble for the film alloyed
A3 o
g¢§ at 350°C.
Antimony on gold films.-- Gold films (approximately one micron)
followed by antimony films (approximately one half micron) were evaporated
on germanium substruies. The films were alloyed at 700°C and 525°C.

i

The films balled up badly during the alloying processes,and regrowth was

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

on & germanium substrate and alloyed at a temperature of 700°C. The

antimony balied up very badly during “he alloying process, and no regrgwth

was visible in the germanium.

Tin-antimony-tin films.-- Some semples were prepared with & vacuum

deposited film consisting 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
helf micron thick. The samples were alloyed at 475°C and 650°C. The
regrowth regions were quite smooth and regulsr.

Concliusions.-- The most promising junctions for p contacts were
cbtained with the indium~-aluminum films. The most promising junctions
for n contacts were cbtained with 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 enouvgh.

An attempt was made to form tin-antimony-tin contacts on & device
by alloying the £ilm before etching if. BSilicon dioxide was deposited
on both sides of a wafer and was etchcd oun one side to farm &n n contact
pattern. A tin<antimeny-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 created jn the balled up regions on the
silicon dicxide wes large enoush to cause the film to also ball up in
the contact region.

further investipeations need %o be carried cut tYo determine the
maximum thicknesses cf indium-aluminum filns and tin-antimony-tin f£ilms
that will stick wall enough to g~rmanium to withstond ultrasonic cleaning

and photoprocessing.
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Contact buildup

Since the thermophotovoltaic cell is designed for very high intensity
illumination , rather large currents will be coilected at the contacts;
;F and, 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) fiims of gold on the contacts.

Attempts were made to plate gold direcily on the alloyed aluminum
[g and gold-antimony contscts of a completed device. The gold pleting on

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

12? contact appeared to stick reasonably well, but the plating on the gold-
3 entimony fingers bridged over toc the aluminum fingers in several places.

The following method of building up the contects satisfactorily

i e¢liminated the bridging over problem and permitted & buildup of beth
[

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

';: films were evaporated over the contact surface of the device. (2) A
53

relatively thick gold film was electroplated on the vacuoum deposited gold
?% £ilm. (3) The chrame-gold film was then etched to sepsrate the P and N
.

: contects. The chrome film was evaporated to form an adhesive layer with

the aluminum; and the gold {ilm was evaporated subsequently without

A Koy ©

breaking vacuum in order to prevent wxidation of the chrome film aad thus
insure the adhesion of the electroplated gold film. It is desireble to

build up the contacts with 2lectropiated rather than evaporated gold,

v

because thick films of evsaporated sguld would produce an appreciable

N SPTRY D
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smount of surfece tension. This surface tension would cause stresses

PRI

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

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

chemicals and etchants are used in the process of febricating a device.
Same of the etchaats 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 VII lists some of these chemicals and etchants

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

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

in Table VIL.

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

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

II-D: (1) Silicon dioxide was deposi’ed 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 centacts was etched in the silicon dioxide. (5) An

aluninun £ilm wes deposited and etched to form the p contact. (6) The
contact metals were alloyed to the germanium.

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

device to a temperature of about 100°C for & 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 eliminste this effect.

#*
The film consisted of two layers of gold with a layer of antimony
between then.
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TABLE VI

Effect of Chemicals and Etchants on Metals and Insulators

Metals & Insulators
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Silicon Dioxide Etch 4 1 1
Aluminum Etch 4 4 1 1 1 4 3
Gold Etch 2 4 1A 1 4
» Antimony Etch 1 4 211111
39
5 Chrome Etch 4 4
- o
R h i
T g B Nitric Acid 4 4 21 2 1
£
'. 5 J-100 4 4 4 &4 4 3
é Water 2A

1. Etches rapidly.

1A. Does not attack aluminum but 1ifts of the aluminum by
attacking the germanium surfece under the aluminum £ilm.

2, Etches slowly
'13 2A, Ceuses flaking of film after several days immersion,
3. Has a discoloring effect.

4, Has no apparent affect.

]

Chrome



TABLE VIL

Etchants used in Bevice Fabrication

‘Silicon Dioxide Etch:

Aluminum Etch:

Gold Etch:

Antimony Etch:

Chrom2 Stch:

104 mly Hydrofluoric acid
45k gm Ammonium Fluoride
682 ml Water

380 ml Phosphoric Acid
15 m1 Nitric Acid

75 ml. Acetic Acid

25 ml Weter

27 gn Iodine
60 gm Potasium Iodide
600 ml Water

3 paxrts Nitric Acid
1 parts Hydrochloric Acid
6 parts Water

27 gn Cerium Sulfate
100 ml Nitric Acid
400 ml Water
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4, Heat sink fabrication and device mounting

A photograph of a finished device mounted on ‘2 beat sink is shown
in Pigure 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 heet sink under the device is milled to & thickness of
1/16 inch. The milled surtace is left unfinished to fecilitate the
conduction of heat between the surface and the circulating water. The heat
sink is anodized in sulfuric acid to form an insulaeting layer of aluminum
oxide approximately 5 ym thick. The milled out portion is sealed at the
Lottom with an aluminum block which is epoxied on with stycast 28501?'1‘*.
Banana jacks are soldered on iwo copper contact plees wnich are epoxied on
opposite sides of the heat sink with Stycust ZBSOFT*.

The device is epoxied to the heat sink with Stycast 28501"'5,r used with
the catylist 24 LV. First of 8ll, the device is mounted (the illuminated
surface facing downward) on & glass slide with beeswax. The glass slide
provides mechanical support. The device is then epoxied to the heat sink
with the p und n contact pads extended over opposite edges of the heat
sink. After the epoxy has cured the glass slide is removed by melting
the beeswaXx, and the beeswax is removed with trichlorethylene. Finally
the contacts on the device are soldered to the contact plates with Indalloy

It
Solder 48 used with Flux &2.

*
Manufactured by Emmerson Cumming. !

¥
Manufectured by the Indium Corporation of America.
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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 3.95
waxt-cm-z illumination source: A shubter 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 & 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 wore fabricated with the process outlined pages Zu4 and
25. The open circuit voltages of each device was measured in & sample holder
in which the illuminated surface was faced downward on & glass slide. A
tungsten lamp illuminated the sample through the glass slide with an
incident intensity of 0.7 watts/cmz. No measuremsnts were made to deter-~
mine what percentage of the incident light was absorbed Ly 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 observetions 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 550°C is better than
that of those alloyed below 550°C.
The open circuit voltage of device 44 was measured again with the 0.7
watt/cmz 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
ares 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 1 and 4. As &
result the performence of these devices was significantly degraded after
they were mounted on the heat sinks.

The I-V characteristics of device 46 are shown in Figure 10. The

9.95 watt/cm2 illumination source is used. The short circuit current
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Device #6 (See Table IX)

s 24 9.95 watt cu™
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Figure 10, Voltage Curves for
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Voltsge - Volta

Figure 11, Current - Voltage Curve for Device a6
Reverse Bias Applied (See Tavie 1X).
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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 cdllected. per unit area

-2
is 1.5 emp cm .

An attempt was mede to estimate the meximm attainable short circuit

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

-2
by the 9.95 watt cm™ source. The reverse characteristics appeared to approach

:w; an ssymptote. (See Figure 11.) The asymptote intersected the current
ﬁ 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
"y om x 0.30 cm device is 3.3 wp.c&z.

3¢

B E. Investigation of Deficiencies in Devices

}i The deficiencies in the performances of the devices that have been
59‘ fabricated cen be attributed to any combination of the three following

g : 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.

N swy e

1. Contacts deficiencies

A series of samples was prepared according to the following procedure:
(1) Silicon d.oxide was deposited on both sides of & polished intrinsic
- germanium wafer. (Z) A pattern of dots was etched through the silicon

dioxide on one side of the wafer. (3) An aluminum film was deposited over

?

O
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half the surface on which the dot pattern had been etched.s

(4) Metal 2ilms for n contacts were deposited on the other half of the
vafer on which the dot patt;erns had been etched. (5) The aluminum and

n contact films were etched to form a complementary vattern to the silicon
dioxide pattern. (l.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 contéct films were alloyed
simultaneously.

The open cir wit voltage of the devices fabricated according to the
ahove procedure wos sr&sured while the unprocessed surface of the device
was illuminated with the 0.7 waxt/cmz source. The testing procedure was
exactly the same as that used to chtain the results shown in Table IX.

The results of the measurements are swumarized in Table X. The following
conclusions can be drawn frca these results: (1) In general the open
circuit voltagesobtained for devices with the arsenic-doped contacts

is better than that obisined for devices without arsenic-doped contacts.
(2) The open circuit voltage seems to hit an upper limiting value of 0.20
volts.

2. Lifetime damage due to silicon dioxide deposition

2. series of tests was carried out to evalunte tu< effect of silicon
dioxide deposition on the bulk and surface iifetime of devices. Three
germanium strips were cut from an intrinsic wafer which had been polished
on both sides. Silicon dioxide was deposited cn cne aide of one strip
and on both sides of another. Four gold contactsvere then evaporated
on each strip to form the type of structure shown in Figwe 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

— — e, peenmo— — . - . _— _ e T




Open Circuit Yoltage Output of Dot-Pattern Devices

Thickness
of
Aluminum
Device Fyim
£ (&)
1 %500
2 4500
3 4500
h k500
5 4500
6 1500

n
Contact
Material*

Au
Sy
Au

Au
Sh
Ay

As
Sb
Ay

As
Sh
Au

As
Sh
An
As
Sb
Au
Sh

.l.
The n conbeet fMlms for

were evaporsted.

I

Thickness
of n
Contact
Material
Film

(R)

360
400
120

360
400
120
130
130
700

130
130
700

200
200
10,000

200
500
3,000
20,000

Alloying

T erature
(%}
435%
520°¢
435
520°¢C
435%

435°C

Open

Circuit
Voltage
(volts)

0.125

0.17

0.195

0.20

0.20

0.15

& device are listed in the order in which they

J
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Figure 12. Sample Used to Test Effect of Silicon

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

The sample was illuminﬁted, and the excess éarrier concentration
due to the illumination was measured by meaguring the conductivity of
the substrate. (See Figure 13.) Since the gold contects were not
perfectly ohmic, the conductivity was measured by & four poini probe
technique, A fixed current flowed through the outer probes, and the
voltage drop was measured 3zross the inner probes with & high impedance
volt meter. Since the germanium substrates were intrinsic, the ratio
of exce:s carrier concentration to intrinsie 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 x71°
(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., Detexmination of the dominant source of recombination

Theoretical investigations have shown that surfage recombination
velocity is smaller for accumulated or depleted surfaces than for flat
bsnd gurfaces. An experiment was carried out in which the surface
recombination velocity of & germwnium substrate was varied by varying
the surface potential. The substrate was prepared like the sample shown

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

I
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Effect of Silicon Dioxide Deposition on Excess Carrier Concentration

Sample #

Description

No silicon dioxide on
either side

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

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

Silicon dioxide on both
sides

Relstive
Excess Carrier
Concentration

(n/n;)

110

31

46
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Transparent but electrically conducting films of aluminum were deposited
onn both sides of the substrate. The aluminum f£ilms were electrically

isolated fraa the gold contacts and che gexymanium substrate.

The conductivity of the samples was measured with the apparatus
shown in Figure 13, but with two médifications: (1) The 0.7 wabt ca’
tungsten source was replaced with a low invensity 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 Teble XII.

TABLE XIT

Relative Conductivity as a Function of Surface Bias

Bias Relative
{volts) excess carrier
concentretion
n
(2)
3
10 0.1L
5 0.15
0 0.22
"'5 002)"'
“15 00)‘"0
-30 00’4‘9
-ll-l k)572
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The change in conductivity resulting from the surface charge layer induced

by the bias wes appropriately compensated for. The following observations
cen 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 &s great as that at O volts. (2) Con-
trary to thedretical predictions the excess carrier concentration for
accumulated n-type surfaces (positive bias) does not increese -vith increesing
bias. Furthermore the excess carrier concentration for accumulated p-type
surfaces (negative bias) does no! increase with increesing bias as fast as

it hould. 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 whese
open circuit output woltage is well below 0.20 volta*, the dotiinant 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 summarized in Table XIIwould have been independent of bias voltage.
These conclusions can be collsborated with & mathemstical expression which
mey be used to roughly approximate the excess carrier concentration at the

junctions of & p~i-n thermophotovoltaic cell in terms of the open circuit vcltage:

no eV !
n, €XP  7xT

For V = 0.20 volts end T = 300°k, n/n; = ¥7. This compares reasonsbly well

with the values of 46 and 40 obtained with devices 2 aund 3 in Table XI.

*
This value of open circuit voltage is for samples illuminated with the

0.7 watt cmz source with the same test fixture used to obtain the results
in Tables IX, X, and XI.
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IIX. CONCLUSIONS AND RECOMMENDATIONS

As we have pointed out in our description of the experimental
results, the performance of the devices which were febricated falls
far short of the performance which was predicted for devices with
optinum physical parameters. The primary reasons for this are:

1. High surface recambination wvelocity

2. High bulk recombination

3. Poor Junctions

Any future program vhich is directed toward the iwprovement of p-i-n
pianar photovoltaic cells should take these points into consideration. The
surface recombination cen 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
techniques or by the nse of ion implantation to form the n+ and p+ contacts.
The problem -ith bulk recombination . eduction during processing can bhe
eliminated by using a fabrication procedure wnich keeps the maximum process-
ing temperature below 300°C. In that case very litfle degradation should
occur in the bulk lifetime.

A meximum conversion efficiency of 14.7% was cormputed for an optimized
device operating with illumination from an 1873% erbium oxide source.
Nearly half the energy radiated from such & source is carried by photons
whose energy is below that of the germanium band gap. The use of a
reflective coating which wili 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 ccatings.

Little work has been done on the present study with regard to heat
sinking cf the device. It is necessary that such heat sinking be
accomplished because of the very rapid degradation of the device
cheracteristics with an increase in cell temperature. Heat sinking of
a p-i-n planar cell is more difficult than for & standard p-n junction
cell because of the fuct that the electrical contacts are both on the
seme surfece as the heet sink, and one must simultaneously obtain the
electrical isolation and good thermal contact to the surface, Any future
work should include & program to minimize the temperature drop across
this interface.

If the sbove mentioned problems can be solved, and all indications
are that they can, the result shouid be a thermolphotovolvaic cell with

relatively high conversion efficiency.
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APPENOIX

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

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

Descripbion of the Program

The progrew is described very briefly in the flow chart shown on
page 58 . First of &1l the irput values ars set and preliminary
computations and initielizations are made (Box A). These input 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-relsxation process an iteration
(Box D) is carried out in which & new aud better estimate of the svlution
of the boundary value problem is obtained from an original estimate. Then
8 convergence test is carried ouvt to determine if the new estimate is
sufficiently close to the solution of the boundary value problem. If not,
the nevw estimate is used in the iteration process to oﬁtain & 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 houndary value problem and &
detailed description of the portion o{ the computer program in which it
is solved .z included in Report No. 1+,
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ADOP PROGRAM
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The solution of the boundary value problem is then used to compute
the output voltage and other output parameters (Box F).

Onc? the open circuit voltage is computed,a new value of current
is selected (Box H);and the comgputs.ions made in Boxes C, D, E and F are
repeated to obtain the output voltege for this current. This process of
selecting new values of current and evaluating the corresponding velues
of voltage 1s repeated until & sufficient mumber of values are cbteained
%o prc;vide very good estimates of the short circuit current and the
maximum power.

After it has been determined that the short circuit current and the
maximum power can be satisfactorily estimated (Box G), & 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 maximm 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 systemstically repeated. The dimensions
are selected in such a wey that they tend to be close to those dimensions
for which meximum power will cccur.*

After it has been determined that the output paraswzters heve been
evaluated for a sufficient mumber of sets of dimensions (Box I), the
maximum power and the dimensioas for which meximum power will occur
are determined by means of an interpolation process. A quadratic function

of the form

2

2 2
Pom At Ay thphy T AK Ay by ¥ Roply t AggXg  Bhatply

ZAlB‘t'nxo * 21"23"‘1:3‘0

3

*The dimensions which are varied esre the width of the n contact ( Ln):
the width of the p contact (4,), and the thickness of the device (X,). These
dimensions must be varied in discreet 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 sbove equation P is the power oute
put and the A's are constants. Note that since there are ten A's, ten
equations (which come from the ten sets of dimensions) are needed to
evaluate these A's. Once the A's are evaluated, the values of Ly "p
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 perameters

The input parameters are listed in the three catogories which are
defined below: physical parameters--physical values which are needed
to evaluate the periformance of the devicey dimension parameters--numericel
values vwhich define the dimensions of the device; program parameters--
numerical values which control the speed and accuracy of the program and
the smount of detail in the output.

Physical parameters

The physical paremeters which are listed in statements 1650-2100
of the ADOP program are described in Table XIIL The generation rate of
hole-electron pairs as & function of distance from the illuminated

gurface is read in at statement 4%250.
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TASLE XIXE

LIST OF PHYSICAL PARAMETERS

FORTRAN Physical
Name Syabol (s) Comments
: KTOE kT/e (kT over e)
;f pp - Dp hole diffusion coefficient
‘;z DN b electron diffusion coefficient
;ﬂﬂé NI ni intrinsic carrier concentration
RCOMFAC T _recombination factor
gl% vsB vﬁB Surface recombination velocity on
bottom or unilluminatad surface.
VST VET surface recombination velocity on
top or illuminated surface
VGAP Ve (energy gap voltage)
CURDOPT (gpﬁimm current _r_ienaity)

The current collected pur unit

area of illuminated surface if
every shoton cepable of generating
a hole-electron pair is absorbed and
if every optically generated hole-
electron pair is collected,

Dimension perameters

The dimension parometers which are given in statements 3100.3400

can b2 described concisely in the following equations:
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(1) IN =2 % NINL * K
(2) LP =2 % NP1 *K
(3) X0 = NXOL * K

(4) LI =NLI1 * K

minimum
(5) 4volue of ¢ = (NXOMIN + 1) * H

X0
where
LN = width of n contact
LP = width of p contact
X0 = thickness of device

The fortran variables NIN1, NLP1l, NXOl, NLIl and NXOMIN are integers.
The variables H and K are real numbers which specify increment sizes in
centimeters. ({See Report No. 1.17 The dimensions are consirained to values
which are integral factors of these increments. In the ADOP progrex the
dimensions of the device are varied by systematically varying the values
of NINY, NLP)L and NX01 (Box J of the flow chart). The initial guess of
the dimensicas for which maximum povar oceurs is determined by the initially
specified valuee of NLN1, NLPl and NXOl.

In some cases the optimum thickness of a device will be much thinner
than the minimum thickness attainable in practice due to limitations in
technoleogy. Thercfore the program has been adapted to optimize the device
under the constraint that XO will have & specified minimum attaineble
value. This value can be specified by appropriately choosing NXOMIN and
H in equation (5}.

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

the largest vwossible values for H and KL. On the other hand, the accuracy

A
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of results obtained increases with decreasing va?.ues of H and K.l 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 meximum power was made pegligible 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
meximum power obtained with larger values of H and X 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 _ittle value unless one
vishes to use the program. In this case a detailed description of the
prograxm will be needed. A document providing such a description will

be prepared at a later date,

Printed output

Table XJv 1lists and describes the FORTRAN variables that appeer 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 & given set of dimensions. (See Tahle XV ) This part
will be repeated for each set of dimensions for which the points on an
I-V plot are to be obtained. The second part swmarizes the outputs
wvhick are computed for each set of dimensions and gives information which

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

Qutput for & given set of dimensions.-- The values of CURDNET,

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

Liat of Output Parameters

Fortran Description
variable
ILE (index of linear equations) A subroutine

is used which solves a simultaneous system

of linear eguations, If iLE=0, the
ey system is solved satisfactorily.
Otherwisa the system is singular to the

accuracy of the computer.

iig PTKNT (point count) an index which is chronolog-
li ically associated with a point on the

;fpé ) I-V plot,
A CURDNET (current density net) net current out-

put per unit area of illuminated surface,

VOLTAG'. voltage output which is associated with
& given value of CURDNET.

ETA cell eff{c.ciuty associated with a given
pair of vaives of VOLTAGE and CURDNET, {.e.

ETA= CURDNET * VOLTAGE/CURIMAYL/VGAP,

voC (open circuit Xoltage)
VF (voltage fac:or) i.g. VF = VOC/VGAP.
CURDSC (short Eircuit_ggfrent.gendity) The short

circuit current produced per unit area of
illuminated surface,

ETACOL (collection efficiency) i.e. ETACOL

« CURDSC/CURIMAX,

PHAXPOW (naximum power point power)
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MAXPOW . (maximm power point current) The
current per unit &rea of illuminated

surface at the maximum power point,

VMAXPOW (_Ea;_ximm _pover point _:rol.t:age)

CF (curve factor) i.e. CF = PMAXPOW/VOC/
CURDSC.

ETACELL (cell efficiency) i.e. ETACELL = PMAXPOW/
POWMAX,

X0 the thicknesa of the photovoltaic cell.

LN width of the n contact

LP width of the p contact

LY spacing between contacts,

H increment sizes

K

CURDOPT optimum cureent density; the current col+

lected per unit ares of illuminated surface
if every photon capable of generating &
hole-electron pair i= sbsorbed and {i
every optically generated hole-aslectron-
pair ia collected.

ISE ggndex of_§ymmetricsl.gquations) A
sybroutine is used)which solvas the sim-
ultaneous system of equations whose
coecfficient metrix muct be positive
definite or negative, If ISE«Q, the
system is solved satisfactoril!,. Other-

v

wise the coefficient matrix ig either

singular to computer accuracy or is not

positive or negative definite.
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ib . (index of dimensiones) an index which is
chronologically associated with a set of
dimensions for which the points for an

I-V plot are abtained,

ETAC senme as ETACOL
ETACE same as ETACELL
CURDMAX (maximum current density) the current out-

put per unit area of illuminated cell when

all generated hole-electron pairs are

collected.
POWMAX (E:Eimum attainable power) the power

output per unit arez of illuminated surface
when all the generated hole-electron pairs
are collected with an output voltage equal
to the energy gep voltage, I.e, POWMAXw
CURDMAX * VGAP,

ETAABS (CURDMAX /CURDOPT) the ratio of the number
of carriers generated in the finite thiok-
ness device to the number of carriers gen-

eratéd in an infinitly thick device.
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Printed Output

(pl
43
bt
21
20
25
34
51
ILE =0
45
ILE =0
ILE =0
54
21
30
20
20
PTKNT
1
2
3
4
5
6
7
8
9
10
11
12
13

TABLE XV

for a Given Set of Dimensions

LE,
1.318E+L7
1,164E+17
9.904E+16
7.869E+16
5.249E+16
1,714E+16
5,758E+L5

3.340E+16

2,480E+15
1.379E+L5
1.001E+15
8.708E+L4
8.251E+14

CURDNET

0.

8,089E-01
1,618E+00
2.427E+00
3.236E+00
3.892EH00
3.992E+00
3.654E+00
4,0)1E+00
4 ,0L6E+00
4 ,017E4CY
4 ,018E+00
4,018E+00

voc
VF

CURDSC
£TACOL
PMAXPOW
CMAXPOW
VMAXPOW
CF
ETACELL
X0

LN

LP

L1

[F]

1.318E+1/
1.162E417
9.873E+16
7.823E+16
5.187E+16
1.640E+16
4.981E+5
3,270E+16 LY
1.690E+15
5.823E+14
2.023E+14
7.079E+13
2.473E+13

VOLTAGE ETA

4 .439E-01 0.

4.372E-01 1.325E-01

4, 284E-01 2. ,596E-01

4.159E-01 3.780E~01

3,9358-01 4.770E-01

3.286E-01 4,791E-01

2., 548E-01 3,811E-01

3.680E~01 5.038E-01

1,830E~01 2.750E-01

1.1715-0" © ,762E-01

6.494E-02 9.774E-02

2.676E-02 4 .028E-02

8. 595E-04 1.294E-03

= 0[3{3-39

= .67206

= 4,0188400 '

= .9935

= 1.345E+00

= 3,664EH0

= .3670

= 7539 fe]

2 .5038

= 5,000E-02

e 1.500E-02

= 2,500E-02

= 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 CURDRET, VO'LTA(E and ETA.

In part [A] the resder will note that there are ten rows of numbers
excluding the rows conteining the expression, ILE = 0. Each of these
rows corresponds to & row in part [B] with the first row in [A] corresponding
to the first row in [B], the second row in [A] with the second row in
{B], etc. The colum designated by [D] gives the number of iteravions required
for convergence. The cdumm designated by [B] gives the excess carrier
concentrations in the middle of the n contact. Thecolumn designated by (F)
gives the excess carrier concentration in the middle of the p contact.

The expressions ILE = O result from a curve fitting routine which is
used to estimate the velue of CURDNET for which the meximum power will
oceur. (See ¥able XIV..)

In part [C] the output parameters and dimensions of the cell are
listed.

Summary of outputs for each set of dimensions and output of optimized

device.-- The cell dimensions for which output parameters have been
computed and the corresponding output parameters sre summarized in part
[D] of Table XV . The colurms neaded by LN and LP list half the number of
increments on the n and p contacts, and the column headed by XO lists
the number of increments along }:he dimension of the device that is per-
pendicular to the illuminated surface. (The values Zisted under LN, LP
and X0 are equal to the values NIN1l, NLPL and KXOl c¢.scribed on page
62 ). Note that the row of values corresponding to the number 9 in the
ecoluzn headed by ID i8 obtained from Table XV.

The 1ist of values in part [E] of papjleXw gives the dimensions and

output parameters of the optimadly designed device.

L2
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The array of points shown in part [B] of TableXVI may be represented
algebraically by the array showm below:

A\ Ay Ay

Vim Vi V1o
Vam Vap Voxo
V3m V3 V3x0

This array consists of the eigenvalues and orthonormal eigenvectors of the

symmetric matrix with elements Ai 5° The power moy be expressed in the

equation:

2 2 2
P=Poxpow M Vi A V2t A3V
where v, = Vim (nm - nm) +vim (nl.P - nm) * Vixo (nxo - nxo)
fori=l, 2 and 3-

s Preceding page blank

]



PROGRAM MAIN (INPUT,CUTPUT, TAPES=INPUT, TAPE6=0UTPUT)

REAL LN, LP, UTy NS INITT,NO, Ky M, MDP E0C, WAG IDUM yMAGTMAX,NT,NOPP D, NSMAX
1o KTOE ) Ny NPy JUNCPOT o LNJOMJy NST2,NO2¢ NS 4,M0 4 KO2DNEH, KO2DPEH 4EL {200
21 +H{2301,X1200)9Y(2001,2(200), CRNTL 160),VOLT(1CO) yNSL(22,49) yNS2(2
22949V NS3(22, 491y MAGLL{22, 49) e MAGI2(22, 49) 1 MAGL 3122 49) +NS(22449)
4AAGI (229431, DUMMY (22,49 ), DUMAGE 22,645) DNDT{22,549) ¢NET {22 +449) 4CURDX
}(QQ)OCURDY(‘QQ‘ )

TREAL NSBARYNSSBARYNT2VGBILK( 22y~ — T Tt 0 T

REAL NCINCeN1,N2,N3,NSRF

INTEGER RyS¢RHySHyRPL,SP1,RHP1,SHP1
INTEGER RH2 =~

INTEGER RILZRIML,SIPL,SI

INTEGER PATHKNT, PATHNMB

TTNTEGER™PTKNY T - o oo T T

REAL NLNoNLPyNXOoNL T, VOCD(S50),.VFD{S0),CUADSLOL S0} ,ETACOLD (50)
VEMXPOAD(52 )y CHXPOADIS0 ), VUXPIRDI S0) 1 CFO{50)4ETAD(50) sCLRDMXD (50)

DIMENSICN  XMU3, 1), BIGVALL3Y S~ 777 - T T

DI MENS ICM CUMGEN{82)

COMMON  TET o JLNP, JLNMy JLPP, JLPMy JXIP 4 JXOMLNLP yLNXDy LPXOsRICLN s
'tPYCLPeRICKOoBIls,1),AH(§‘§TyJVLV(50),JVLP(SC)vJNXD(SO),XD

LISTING OF PHYSICAL PARAMETERS
T 0E=2.0259
UP=648.0
LN=36407
M =2,5F13
PO=Nt
THCOMFAC=2.8F~14
VSB=100.,
ViT=100,
VGAP=0,64
CURDOPT=).

B ~ -

LISTING OF PROGRAM PARAMETERS

IC=2

HESHNMBS]

1i=2

L=

P MAX =150
200PMIN=20
TITVAS =}
PPATH=Y ~ 7
1ICURVE=Q )
FPSILON=3.021
NoINC=% .0
RF=0.35
FACTOR=5.0

LISTING OF DIMENSION DARAMETILRS
PNTr N NDEG
YL bt
‘“‘)L“IV
\/ 'l 2'2
AN Y]
(W1 250210,

J'?:‘!.'?

.
v .

2000
2070
2100
21"
Y40t
2250
2307
FERNN
240"
?ﬁ-r\.'
25
2L
2500
255"
O !
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T OMEGAB=1.92

L ISTING OF RELAXATION FACTORS

QVEGAS=1.4
DMEGABH = 1.92

CHEGACH=1.4

. OVEGASB=0,9 0 T T TTTTTT T o TTTTTTTT mmrtrm ot om om o e
OMEGAST=1.4
OMEGAC=1.4 et e a2t mn e mrn e o

IVALUATLON OF SCALE FACTOR AYD READIY AND SCALING OF CUMGEN

READ(5,685) CJRDSCL
SCALE=CURDOPT/CJRDSCTL
DO 3 TNXE1T82
READ(5,685} CJIMGENINX)
CUMGEN(NX)=CJMGEN(NX J¥SCALE
GSURF=CUMGEN({ 2)-CUMGEN(1)

LISTING OF FIXED CONSTANTS AND PREL I4INMARY COMPUTATIONS

TUzLMAX~LH

WLPHA=2 ,D%CN%DP/ { DN+DP)
P=NIaNI/PC o T
A0PPO=NC+PO

"OPNO=PC+NO

S0, PHOZ= POPNO+POPND T
L2+ PO+PO

104= PO2+PO2

2= NO+NO CoT o orTTmr T T T Y e e e )
4= NO2 +1.02

2CC=(PCENCY/ 2,

LG (DPRPO4NENG Y/ DEONY T T e
JezNTENT

D=) o

17=1C i

yLTS=0

IDXXOM-'-3 . . . _ . . . o

'WCGIN LCOP FOR EVALUATION OF POINTS I I-v TURVE

D=7 D+ }

LhiE LM

LPanLP)

Vil NROL

11T TL=NLNL4NLPL#NLTE !
PNtTL=n 0L

LhE LLNRE%R2 40
F=LPAK Y o)
=LY K
IR TSL Y I
BUNET=0.0
L1 2.5E-440.5
C P CUMGERI N LN TH 2 Y- JuCeENy o)
Wit= s

R Y

URDEAX LGS IRFHBILKGEN T ® ] Jbe= )y

A MAN 2 CURDAALYY OGP

MAER B SR AR E TN |

RS ALEHATEPS JLOMNZ UK DAY Iy ) )

3450

35L0

_ 3559

34500
38572
371335
37590
3822
3850
32065
33452
4300
4350
4100
4150
4202
LA
£330
4%50
4420
4657
2500
.50
4530
4550
470
HiaD
ns o
rs u; 3
q?\‘ u’
"‘.‘ .pi'
300
fLuLn
9id.
Hi%u
5250
SR
.07
UEASV
5603
RPN
H5ed
Ha51
55570
PRV
200
RN

-

Sy 07
K%
»N)
HIH

Lo
"

O . ek

e RS
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_:1&:_--m“w"“uﬂ_.* R

9 e m— RS mmmmmssoTmEe mems oes
E LISTING OF TERMS THAT MUSY BE RESET FIR NEW VALUES OF CURDNET
c —_— - e e
JOTISTINITL
J=JINITL
: MESHKNT=1 L ~ o
-2 c T T T } T T B
c VALJE OF INDXITL SET TJ CAUSE INITIALIZATION
¢ - - e e e
T UTTNDRITLES
: C
’ ¢ EVALUATE I AND J DEPENDENT TERMS =~ = .
" o ) I
J c COMPUTATION OF INCREMENT SIZES
§ c ' N
T E0REALTET ) T T T
H= X0/ REALI
~ _REALJ=J o ) L o
\ - K= {(LN+LP) /2. +L 1) /REALY -
's\‘nav

oo

e AK=ALPHA/ (K%K )

, AH= ALPHA/ { H¥H )

e " HOZDNE=H/2.0/DN/1.6E~19
HO2DPE=H/2.0/DP/ 1 ,6E-19
MDPEOK= -DP#1 .6 E-19/K

o e A n Aee—————— s nona—-

LT WRER LR T T
5 DNEOK=DN*]1.56E-19/K
e AH2 PAK2=Z oy ¥ AH+2 . 0% AK
T P2=22.) ¥RCOMFAC t T
{g HS OKS = H¥H/ K/ K
: HS OKS P1=HSOKS +1.0
DY T 7 HOATGS =M/ il PHARGSURF™ ™
5 DP2EKOH=DP#2 .0 %) .60 E=19%</H
N ON2EKOH= ON%2 .(1%] L 6E-19%K / H
‘ KC2DNEH=K/2.0/DN/ 1 6E-19/H
KO2DPEH=K/2,0/DP/ L 6E=-19/H
» HOLONEK=H/2.3/DN/ 1 e 6E~19/X
- T HC2DPEK=H/2.0/DP/ 1.6E-19/¢
HVSTO2 A=HRVST /2.0 /7 ALPHA
< HYSBO2 A=HXVS B/ 2.0/ ALPHA

LISTING OF IfERATION INOICES

1YY

RH=LN/ (2.2X)40.5

o SHz {LN/2.¢+L1}/K+1.5
$=SH
RHPl=RH+}

, R=RHPL

' SHPL=SH+:

7 O TRPEI=Rel

SPl=S+]
JH=J+1
IN=J42
IH=1+¢2
I N=1H
JHHMY = JH=1
s b = G-
fRMls I N-]
FHMY = -1

- - ——— e =

__COMPUTATION OF INCREMENT DEPENDENT VARIABLES

P AR G A e St M - B —— e Sh—T Wn kh

. em

77
17

7*_'_

3
31"
43,

38~
By
83"
10
Qe
g3an
742

952

BN
or
98}
230
1090
1210
1022
1033
12¢0
105y
1055
1072

1020,

| RO
1150
1
I P
LIS RN
Liws.
i)Y
1137
1132
| NI,
12127
1407
17,
Loy
| R B
per
l.?.'.f‘i
12%1

127"



LISTING OF TERKMS DEPENDENT O

SER=S-R )
RUNM2= JN=2

TERNML=NT (VST +/SBESMR/RINM2)I/R2/XD

TERM2=VET/R2/ XU/ RINU?
TFRM3=VSB/ R/ XD/ R INN2
BULKPTS= (I N=2 ) 2( JN=-2)

EVALUATTUN OF GBJULK
1CU=T#NIH*2

DO 35 AX=2, Ihm]
ICL=1CU=-NIK

ITERATION INDICES

GBULKINXY = (CIMGENTICI I =CIMGENCICL ) /1

ICuy=1CL
LISTING OF TESTPUINT INDICES

ENDXKC=(IN+21)/2
INDAYC= (UN+2 Y/ 2
INDXXF=]IN~-1
INDXNN= R
ERDXPR=S D)

et b rd pul e s pack pest et B

LISTING OF TERMY, THAT MUST CHANGE WIYH FACH NEW VALUS OF CLRONK]

GHACXOR={GSIRF «B8JLLGFN=CIRDNET/ L e6F =19} /40 /RCO¥ENS
NSINITL==1 FREIRSGRI{T eRMLIRI L2V L4588 D KR )

INITEALTIZAYION QF MAGT AND NS

PEOIMIXITLONF) 6 TD 4%
Praexife-1
[P2=1+2
P2z J+2
022 N=1,1pp
O 20 NY=1,402
PAGEAINY afit )= ) Wl
P48 B O Y QPR IS IR S
NG MAX=Fal SUmi - v oS Ll I s 14000530

BCINDARY CTH (il ohs N MAGT 3 7o 4al Sonveal b o T %y Ll VAU oy

G PAGIMAX ST Rt sty 22040

- JGOHY TR DY,y

% 51 MAGLUZ ¢Av )=o) i X

~ CRIT AT U b G0 JE 7 0PI 28320 ahp " " )8
DELTAT C=uMIGAL/ Y {3AY LT YT

5 ¢ RESET (COPKNG -
LOUPYNLT -0
E B R N R A
, T R L P S L Ry S R SF AN IR SR
"s . LI ; PR . . .
yo {.";!5 \‘('_l"\'; R .\;g_t‘4’~‘\x1
~ AR [ »‘)

" 72 'C'\:-}yf R

a . tes

N

¢ e mt e
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cu HRITE (645501 (INS/NXyNY ) NY=14IN)
WRITE (64569)
DO 83 NX=2,[H N o i
T80 TRRITE 6,550 THMAGITNX Y NY Y, NY =T, JHY
WRITE (6,562}
IF{(LOOPKNT . GE.LMAX )4 AND! INDXETALEQ. 1)) GO 10 228 R
I "IF(LOOPKNT .GELLYAX) GG T2 S15
LOOPKNT=LCOPKNT +1

C .
TTUTTTTUPTCONT ACY--APPROX [MAT 19N OF YAGI AND NS, AND EVALUATION OF w AND v

c

IF(SPLLEQ.JNML) NS{1,5P1)=NS(2,5P1)
1+HO2 DPEK%(MAGI(2,SHPL })-MAGI(2,SH))
IF{SPl.EQ.JNML) GO TD 115
WISH)=D.3

1 R
DC 100 NY=SHPLl,JhMl
NST2=NS (24 NY ) #n5 ' L, NY }
GP=DP2EKOHR{NSTZ . 20PNO)/INST2+\02)
N54=Ns(z,Nv+1)+vs<z'uv)+u5(l,uv+1)+VS(1,vvy
GN=KO2 DNEHX{NS4+P04 1/ (NS4+PO2PND2)
FAGL(2 ¢ NY)=MAGI( 2, NY=13=06P%{NS{ 29 NY 1-NS{1sNY)) T
WINY) =@ {NY=1) +GP =Y (NY )
NS (1yNY+1)=NS {1y Y ) ~ONX{ 3.0%(MAGTI{3,)NY ) =MAGT{2,NY) 1= (MAG] (£ 4NY)--MA

FOT {3 o NY) 1) =INS( 2, NY +11=NS(2,NY })
100 YINY+1)=Y(NY ) «(GN+GN+GN ) %=A(NY }

c
C PCONTACT~~FY ALJATION JF DELTA 77 -
C
KST2205 (29 dNits ) +NST 1s GNMT)
GP=DP2EKOHSL NS T2 +POPND )/ ( NST 244D 21
DELTAZ (MAGT( 2, 3110 ~MAGT( 29 JHM LI 4GP &{NS( 2, JNML)=NS{ L, INMLT 1) 7 (i i
LEEGPRYCONMLIY
3 P CONTACT —=Ev ALJATION OF MAGI AND VS
e

DO LLO AY=SHP1,JHiML e fon V7
WG (Z g NY)=MAGI{ 2 NY ) FA(NY )¥CELTA %ﬁfavmhﬂe°°
12 '\SHvNY"'v‘-(uWHY(\!Y)*DELTA N ~

NS KL e JNMLY=NS (L, JHMT )Y (INMLI®DELTA

RCCUTACT =~ APPROX TMATION OF MAGI AND NSy AMD EVALUATION OF W ANG Y

r Y Y Y

14 [F(ReEWGZ) Natle2¥aNS 12 213 2DNEKE(MAGT(242)-MAGTI(Ly2))
IF(R.EQ.2Y CC TO 135

Wil)=).u

Y{z2i=}.D

0C 12z) Ny=g2, %

NST2=NS {72, RY}+NS{ LyNY )

GR=DN2IROHIINST 2400080 /7(NAT 2420 2)

bﬁ-«--"‘:(?y\""'l JAMS {2, Y NSO Ly NY+114NS( L, 0V

GREKUSLER {NSa s 26 )27 INS G 2PN ) 2) o
l"l'\(.vl(29-"“(}:‘"1«01\/,":\’*1)4'6 NS 2,NY ) =NS{1yNY )

HIRY )= {AY =) ) -0y [Ny )

MS Y, Y+ U sNS (L, Y )4 H(( .0 NAGT 3, |\}'”“\‘I(Cf\5\)‘“( IR ORI R R
STEs NY I Yi=ovales vt SN2 w1

AR N A £ 3 B R SN AR .:7""‘.“",”}‘1‘..7 !

P

" OLDRT AT -= FvALJIAT TN OF 2P LT

N2z S/, aNs 01 R)



SN=DN2EKOH*( NST2+POPNOY/(NST24P02) ' v
DELTA= (MAGI{ 2, RHPL)-MAGL{ 2, RH}=GNEINS{2,R5-S{LeRIV) /LW (RHY =GNEY(R 23,

VY o 73
. 235
N CONTACT--Bv ALJATIGN JF MAGI AND NS 23:3)
' 24510
DO 130 NY=2,RH ’ ' ) o 24) o
MAGT {2 ¢ NY)=MAGI{2,NY) +d(NY ) *DELTA 24707
130 NS {LyNY}=NS{L,NY)+Y (MY )*DELTA ) _ B 2643797
T UNS{1RISNS{1,RI+Y{RI®ELTA ~ 77T 7T 7 2440
2450
NS IN INTERIOR REGION 2455 )
) o i 24130
i5 DELTAT=CELTATC 24550
DO 152 NX=2, [NM1 24990
"DC 14D NY=2, JNMI o T i o ’ 2505
DHOT (NXyNY )= AHELANSINX +1, NY )=NSTUX YY) =NSINX NY )+ NS Y=] yNY) J+AKX(N 25100
ISONX g NY+#1 =N UNL, NY J=NSINXy NY YN S(NX, NY=1) 1 4GB ULK (NX) =RCOVFACKAS(N 72000
2X e NY ) (NS [NX, NY)+NOPPO) 2931
NS (NX s NYY=NS { NX, NY } 4ONDT ( NX, NY }XDEL TAT 25570
IF (NS C{ANXyNYJeLTo1.0) NS{NXaN¥Y)=1.C 2270
160 1F (NS INXsNY ) JOGEJNSMAX) NSINX,NY)=YSYARX 2ot o
120 DELTAT=DELTAISB TYRE
'/li»{ ‘\,
EVALJATION OF NE! 269
2R3N
DO 152 Nx=2, [NML AETORAR
DG 150 KY=2,JNMAL T I uEEPAE
150 NELINX,AY)=1 0/ (NSIMX,NY Y 4ACCo) Ph
o
MAG! IMN INVTERJOR REGION ] JuET
b
CMEGAH: CMEGACH ) U
DO 172 NX=3, [HM) o i h S
NXPL=NX41 T,
NYX M)l = X =] ’
DO 172 ANY=2yJHM] 2 ’
NYPL=NY ] 214
,

MAGIODIM= [INFLUIKyNYPLYISNETONK g NY PICMAGTINXP LN+ {0 T (RXM) S RYPY 1N
PET (NAMY g NY )Y A AGTENY P Iy NY V4GS Ty NYE P +NE T NPl o NYEL ) Y RA Al )
POTIN Y PLIHENE YOy IY VAN DI R iy ) e vAl I, Y -1 ) £ AS0REPL (LT .
BTN, Y DI ANE TSR MLy NYP LY N, g Ay Y ianT iAo NYY ) *
RS USRI E S SRS RIS LA SUARLLYE IECR ST E A SIS P A B si”
Vi CMEGAH=LXL A 0K v

NS AT TOP SURFECH

k]

DC 183 AY=2,. %41 2.
Mo NS CET AP L hY AT GS=rdSTO2AINSTIN T by il (oY) '
:

2

100 WS Uiy Y Y e S Dy WY HECYTGASL st =NaUE e NY )

i O
3 NS AT BCITEM SJRFACE Loy,
o .

JU (RPL.uT S Y 7 T Fal

i SR AN AR

| VN Y. i 1 . 0
|"~".',’,.v- P N R 1 N ,‘

VIR T B O I L S T I O N T S SN B
NS AT LEFT STl

IR T LA B S N B




M=NS (NX,2)

5
CLU NS INXoL)=NS{NKy1 )} +OMEGASH(M-NS{NX, L)) 2915
" rEER
. © NS TAT TRIGHT TEDGE ‘ N 299
" 3000
N0 223 NX=1,IN ) L 301G
MENSIRX,UNMLY T T T T B o 3020
v NSINKy INISNS (NX3 JN)4OMEGASH{Y-VSINX, VY ) 32040
: 3029
C "EVALUAT ION  OF "DELTANS AND RESET OF VALUE OF NS &~ 7777777777777 3037
c 303,
SUM=0.0 _ _ o 30574
SUMS=D,0 ST e T T CIVEVN
DO 222  NX=2, INM] 3012t
D0 222 NY=2,JUNML 3032¢
SUMSSIMENSINX,NY )T - T T ’ 3055,
24 SUMS=SUPMS +NS [ NX, NY ) =NSINX,NY) 3033
NSBAR=SUM/ BILKPTS 3034
NSSBARSSIMS/ BILLPTS B ’ i 303541
STGMANT=0.0 3034 ¢
DL 223 NY=2,JNM1 3047
Ze SYGHANT=STGMANT +NS{ INV VY JHNST INML,NY) — — ~ 7 777770 IR
VIGMANE=2,0 ' 23500
TF{RPL.GT.S) GO TO 225 354 -
30 226 NY=RP1.S 3G2-. v
v, TEGMANBSS [ GMANBENS{ 25 NY ) 4NST 1, NY ) 30,2
e 5022 NS BAR+TERM] 172
LeNSSBAREMNIZHNS BAR+TERY2ES IGMANTHTERYM 3% SIGMANS=GBAQXOR ~~ 77777 7 7 Joige
LFUIBO2%B02).LT.C) GO T2 515 303872
JELTANS = - BO2 + SQRY( BN2*802 - C ) [T
3225 NK = Lg IN o T T o I ’ 3gren
DP2% NY = 1y JN 5% .7
WS UMK NY NS CNX L NY ) +DELTANS AR o
o o - T ) T ANy oy
 NSURE THAT ENCJGH ITERATIONS HAVE TAXKEN PLACE FOR STABL Ll ZATICN 30,5
., 30800
I {LOQAKNY JLTLLO0OPHKINY GO T 60 ’ ) 3600
L 34T
IONVERGENCE TEST o V B ‘ 35,0
HE
CIODNS = ARDDS =NS N ITL Sivea
F A UONSLLT L ABSEONDT {2y INOXNNDF) G2 TO 60 RS
FRLARNDDANS VLT ARSI CNETL 2, INDXPN) Y)Y GD TO 60 I
FLAFTONS Y S ABSLTNANT L INDXXF, INQXYZ YY) 5 TN 60 Tgu oo
fFLARDDNS oL O ABSECNDT L INOXX G, INDXVE)FY  un Y1) 60 3inen
i
“ WRITEQUY FCR SJCCESSFUL EXIT s 3350
- 22000
A AlirTvan. o1 €O 10 250 EEARN
e NITE (H4560) PPN
e eRITL (0,577) MESFANT 2 LGIPENT 32300
e CAATE (60l T ' B SN
%ﬁ% (230 NEY IR LOERN
f? : FUITE 164250 ) Tho{ N4 Y 1e Y=ty ds) Joe 0
2ITF 16,5000 NP
t&“&; A N T S
?’%«4 . R EAPEFR R B S A N Y R I ST AT a0
Ft% BT N6, ;7,' '
, A AT IO a0 TERRS QELATED T 2Ubc il VOLTAGY AND PDWER 33

45




$9 PATHNMB=R-L

<00

\

34195
£N=R 034220 .
_ KP=§pl 34300
KX=2 - 34430
00 31D PATHKNI=1, PATHNMS 3450)
e e e e e e e e e 364509
EVALUAT [ON OF EXCESS CARRIER CONCEVTIATIONS AT JUNCTIONS 34729
34820
CMN=UINS (2, KN) #NSCLyKNDY /2.0 e e - 36322
NP= (NS {2, KPI+NST 1, KPYY/ 2.0 - 35039
IF{IPATH.EC. 1) GO TO 255 35259
HRITE (6:580) MESHKNT,PATHKNT o o 35190
WRITE {69552) NN, NP Tt o e 35299
CONTINJE 3523)
IF(KNeEQe2) ARITE(6y)610} LIIPKNT,NN,NP 35260
TTE T OUNNSGT OO U U ANE S(NP J6T 0.0V 6T T2 260~ 77 77777 0T "35399)
IF ({MESHKNT . EQ.MESKNMB).ANDJ{KN.EQ.2)) GO TO 515 35420
60 TO 302 35530
2 D P e e et o e e 36589
INITIAL POINTS IN THE GRAPHICAL INTEGRAL ALUNG THE X AXIS 35700
: 315832
260 PTNE= (NNFNS (27 KN I7 2 0+ACCEE TR T T T 355090
PTDHOY= (3. 0%( MAGI(2,KN)=MAGI{ 29 KN=-1))/K+{MaGI {3 ,KN)~-MAGI {3 ,KN=~1))/ 36590
1K /76,0 35100
GIXN=PTDHDY/ PTNERH/ 2.0 - 35200
PYNE=(NP+NS(2,KP) )/ 2.0+ALCC 16350
PYDHOY= (3,0%( MAGI(2,KP1-MAGI(2,KP-11)/K+(MAGI(3,KP)=MAGI {3,KP=1}}/ 36400
MY/ QT T T T T e e 36500
GYXP=PY DHOY/ PTNEXH/ 2.0 35530
36725
TEVALUATION OF GRAPHICAL INTEGRAUS ALING THE X AXIS 7~ 777777777777 346800
36320
IF ‘KX.LY,3) GO TO 280 37022
B o B e T = P T
PYNE={NSINX=LyKN)+NSINX; KNV }/2.0+ACCC 37200
PYDHDY= (MAGE (NX KNI-MAGTINX,<N=11 }/K 37350
Gi XN=GIXN+PT DHDY/ PYNE*H et T oo 374232
PTNE= {NS{NX=1,KP)+NSINK, <P} }/2.0+ACCS 37533
PTOMDY = (MAGLINX  KP)=MAGI{NX,<P=-11})/K 375G)
27U S XP=GIXP+PI DHDY / PTNERH ~~ ~ 5 T T T e e e T T T 37790
37932
EVALUATION OF GRAPHICAL INTEGRAL ALONG THE Y AX!S 37923
ER VRN
KPML=KP-1 381490
GiY=deD 352719
TOCT2907 WYEKNG RPN T T T T T T s e e o ot T 38309
PTNE= (NS (KXyNY J¢NSIKX, NY+1))/2.0+ACCE N 38600
PYOHOX= (MAGI (KX +1,NY ) =MAGII KX, NY )} }/H 38512
270 GIY=GIY+PTCHUX/PTNEXK ' 38500
38722
EVALUATION OF OJTPJT VILTAGE, POWEY AND EFFICIENCY 38300
T Tt ’ ) T TTTTETIT T T T 38300
OHMLOSS=KT OE/ 1 6 E=19/ { DN4DP }2{ GIXN«GIY~GIXP) 33300
DIFFPOT=KIOF=(DN-DP 1/ { DN+CP 12ALOG({N>+ACCT ) ZINN+ACCZ)) 21910%
JURCPOT=KTLFA ALDGE (NN MO IR {NP+PD I /N T /N T 39270
VOLTAGE= JINCOUT+O I FEROT =314} 155 33377
PUAERSVCLT AGE#( ) RONET 3940
UV A= PUNER/ POA MAX o TomTmTTmT T o 39550
ETACJRO=CIRDNE) 7 CURM AX 33533
FTAV=VOLTAGEZ VGAP 31973
) 39350

N
1



' -80-

. WRITEQUT OF VALJES RELATED T3 CURDNETy VOLTAGE AND POWER 3330
: . 4000
[FIIPATH.EC.1) GO TD 300 i 4035
TTRRITE (645501 CSRONET, VOLUTAGE, JUNCPUT, DIFFPOT,0HMLOSS ) 4519
WRITE (£,550) PONER,POAMAX) ETA,ETACURD,ETAV 4023
) - e 8030
RESET OF PATH OF TINTEGRATIOY - — — — — - - —— 77—/~ 6049
. 4059
310 KN=KN-1 4059
TTF T (PATHNMBLEQLT) GOTTITRI0 4079
KP=SPL+ (JNML~SPL) #( PATHSNT ) /I PATHNMB~-1) 4037
(=24 ( INML=2 } %{ PATHKNT )/ (PATHAMB~ 1) S kLK
10 CONTINJUE - ] R T Yo ¥
. 412901
i START A NEW MESH UNLESS THE FINEST MESH HAS JUST BEEN COMPLETED 4131):
4 et T T S T %
IF (MESHKNT <NE.MESHNMB) GO T2 450 4159¢
o . 41500
- SEGIN STORAGE AND INTERPILATION WITH PIOCEEDURE FOR FIRST ITERATION 41723
. 41820
I7 (PTKNTWHNF.1) GO TO 340 41309
T 320 NX=I,INTT T T - B T T 42029
DO 320 NY=1l,JN 42120
279 NSZ (NX 4 NY)=NS (NXyNY ) 42239
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FUNCTION TEVALUNLNL,NLPLyNXO1)
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[FINAQL.NELINXO(IPYY GO T2 810
[EVAL=[P
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END
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