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FOREWORD

Maintaining en interest in the photovoltailc area, the Intersgency Advanced

Power Group (IAPG) has published for the second year the proccedings of the
Fhotovoltaic Specialist's Conference. The content of these proceedings - a
vital link in the information exchange activities of the JAPG - is of particu-
lar concern to the members of the Solar Working Group.

This year's conference, the fourth, was co-sponsored by the IEEE, AIAA,
and the NASA-Lewis Research Center. Facilities for meetings and other
arrangements were the responsibility of NASA-ILewis Research Center.

Presentations are included in the order in which delivered at the con-
ference and have been prepared from papers submitted to the Power Information
Center (PIC) through the IEEE. Where papers have been authored by more than
one person, cover sheets bear the name of the person who actually gave the
presentation.

Transcriptions of the discussion periods following each presentation and
the panel on Thin Film Solar Cells were prepared and edited by Dr. Potter of
NASA-Lewis Research Center and his staff. Mr. Robert Hamilton, of IDA, pre-
pared the panel discussion on Sualight Simulators. These efforts are grate-
fully acknowledged and noted as a significant contribution to the proceedings.

Iaclusion of a peper in these proceedings in no wey precludes later pub-

lication in professional society Journals.
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RADIATION DAMAGE TO SOLAR CELLS ON RELAY I
AND RELAY II

Remond C. Waddel
Goddard Space Flight Center
Greenbelt, Maryland

Introduction

Sclar cell radiation demege experiments on spacecraft can provide empirical
information on the relative merits of various solar cells bearing shields of
different thicknesses. They also are useful in testing our ebility to predict
solar cell damsge in orbit. (This paper reports on the results of solar cell
radiation damege experiments on board Relay I and Relay IIA'both of which
are active at this writing, land indicates the degree of agreement between
predictions of radiation damage, based on lsboratory damege studies and flux
data, and that observed in the spacecraft experiments. ]

Orbits

Some orbit parsmeters of Relay I and Relay II are given in Table I.
Note that perigees and apogees bracket the "imnner belt" of trapped particles
centered at about 3000 Km. The higher perigee of Reley II would be expected
to make this orbit somewhat more damaging thsn that of Relay I. The results
here reported are characteristic of these orbits, but certein generalities
may be inferred.

Solar Cells

The solar cells are listed in Teble 2, together with the nsture and
thickness of shields. The "REV, Si" cells on Relay I were designed to make
them very radistion demage sensitive, the front surface being ebout one
diffusion length tinick., Shrinking of this length with damage would then
leave large numbers of photon produced carriers st a distance from the Junction
greater than the diffusion length, with consequent rapid drop in cell output.
The conventional silicon cells were of sbout 1 ohm-cm base resistivity. They
vere selected for uniformity of spectral response and efficiency and are
believed to be representative of good commercially availeble products. The
gallium arsenide cells are of interest because, on theoretical grounds at
least, this material is potentially more efficient and has a greater radiation
demege resistance than silicon. The gallium arsenide cells used in these
experiments were actually less efficient than the silicon P/N and N/P cells.

A-1-1
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All cells were mounted on an aluminum panel whose dimensions were sabout
4.0 by 5.3 by 0.125 inches. Each cell was loaded to approximate short circuit
conditions by & resistor selected to give an initial voltage of about 165
millivolts in space sunlight. The meaximum outout of each cell, during spin,
was computer corrected to normal illumination, 25°C, and mean earth-sun
distance. These corrected volteges were normalized with respect to initial
undemaged values and averaged. From 12 to 18 observations of a given cell
type and shield were used in determining each dats point.

Results, Relay I

The results from the first 387 days of observetions of the Relay I
radiation damage experiments are shown in Figure 1. Solar cell damasge in
leboretory studles using & constant intensity and energy beam of particles
shows degradation, in these log-linear coordinates, as an Initial horizontal
section bending into a section having approximately constant negative slope.
The responses of the shielded cells in Figure 1 show these general characteristics.
The responses of the unshielded cells fall in a step-wise fashion during the
first few orbits as the spacecraft passed through a fairly well defined region
in which highly demeging particles were trapped. This region was at sbout
30° south latitude at an altitude of 6,100 Km.

The N/P, O cells (N on P silicon cells with O mils of shield) and the
GaAs, O cells degraded similarly to about the 50% point, after which the
latter cells fell rapidly. It has been pointed out that when cells degrade
below about the 50% level the internal resistance rises so much because of
majority carrier depletion that currents drawn, even by a zero resistance
loed, are not truly "short circuit" currents.

The N/P, 0 cells show rapid degradation at about 40 days and 130 days,
for reasons unknown. The shielded cells all show plateaus from about 65 to
00 days in orbit, followed by & decline at about 17% per decede of time.

It is obvious that the order of merit for the shielded cells, under
the given test conditions, is N/P, 60; N/P, 30; P/N, 60; and P/N, 30.
When judged at the 75% level the N/P, 60 cells last sbout 10 times longer
than P/N, 60 cells. Also the N/P, 60 cells last about 2.4 times longer than
the N/P, 30 cells. At a degradation rate of 17% per decade of time the
useful lifetime of 30 mil shielded silicon N/P cells may be increased by &
factor of 2.4 by (a) doubling the shield thickness, or (b) increasing the
number of N/P, 30 cells by ebout T%.

Figufe 2 shows the responses of the "REVersed" cells on Reley I. All

of these cells show initial increases in response followed by a maximum
and eventual fell. The time of maximum increases with the shlelded thickness.

A-1-2
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These results were unexpected, and, as yet, unexplained. It is suggested
that a drift field was built up under the action of trapped particles.

This drift field may initially have increased the collection efficiency
(initially low) before a demage mechenism dominated and caused the observed
final decline in response. This type of cell thus did not provide the
high damege sensitivity that was intended. In the Relay II experiment

they were replaced by GaAs cells, as Table 2 indicated.

Results, Relay II

Figure 3 shows results of the Relay II radlation damege experiment
for the first T2 days in orbit. Note the similarity to Relay I results of
Figure 1. The step-wise damage of the unshielded cells and the cross-over
of the P/N, 0 and Geds, O responses ai& common to both experiments. The
maximum for the N/P, 0 cells in Figure 3 at about 10 days is undoubtedly
resl, being exhibited by all 3 cells of this type. It may be noted in
Figure 1 that e meximum for these Relay I N/P, 0 cells may also have actually
occurred at sbout 10 days, but was not evident because of lack of data
between one and 13 days (because of spacecraft melfunction). Annesling
or drift field mechanisms msy have caused the maxima.

Figure U4 shows results for the Relay II shielded cells. It is striking
that the 3 mil shielded GaAs cells (GaAs, 3) appear nearly as damage
resistant as the 'much more heavily shielded cells of this type, or of
silicon. This indicates that the principal dameging agent for unshielded
cells was either protons of energy less than about 3 Mev or electrons
of energy less than about 0.1 Mev. However, it is known that 0.1 Mev
electrons cause practically no damage to solar cells, so low energy protons
must bere be the principal demeging asgent.

Because of the small smount of damage that is shown in Figure U, the
only generslity to be drawn with certainty concerning order of merit is that,
of the six types shown, the P/N, 60 cells are inferior. The shielded GaAs
cells appear to be as good as, or better than, the N/P, 60 cells.

Selected numerical results from the Relay I and Relay II radiation
demage experiments ere shown in Teble 3. Underlined values are for Relay II.
It is evident that the Relay II orbit is considerably more demsging than
that of Relay I. Also, extrapolations like that which Indicates that it
would take 18,000 days (50 years) for N/P, 60 cells to degrade to the
50% level must be viewed with caution.

The numerical results of the Relay I and Relsy Il radiation damage
experiments, discussed above, are of interest to designers of solar cell
power supplies. Certalnly e design involving & type of cell here reported
on, and for an orbitsimilar to that of Relay (or Telstar) which counts on
solar cell lifetimes much different then (hose here reported should be viewed
with suspicion.
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Predictions, Unshielded Cells

A second use for the data here reported is to attempt to predict them
from other considerations. Only when such observations can be predicted
with satisfactory accuracy can the design of solar cell power supplies be
considered to be on & sound engineering beasis.

Figure 5 chows (as heavv date points) the early behavior of the P/N,
O cells on Relay I, toge.ner with the results of & detalled predictiom.

Preliminary work indicated that the only possibility of accounting for
the very rapid degradation of bare cells was to ascribe 1t to low energy
protons. Both silicon and gallium arsenide cells show a proton damage
susceptibility which rises rapidly at low energiles. Leo Davis, of Goddard
Space Flight Center, has made mesBurements of the distribution of this type
of perticle and (in a private communication) provided the writer with a
detailed prediction of the cumlative low energy proton flux encountered
by Reley I during the first 11 Lours of orbit. Under certain assumptions,
this flux was converted to equivalent 4.6 Mev protons. The damage data of
Cherry end Slifer (NASA TN D-2098) using protons of this energy and solar
cells similar to those flown in orbit, was then combined with the orbital
proton flux to predict cell response as & function of time. This prediction
is shown in Figure 5 as the -curve with uncertainty bars. It 1s seen that
fair agreement is obtained, with predicted response being somewhat higher
than that observed. The predicted and observed times of occurrence of the
first and second damage steps are not in disagreement. These steps occurred
as the spacecraft passed through the south latitude extension of the low
energy proton distribution, whose main part is sbove Relay apogee.

Figure 6 shows predicted and observed results for the N/P, O cells
on Relay I. The sgreement is again fair, with predicted responses somewhat
lower than observed.

Predictions, Shielded Cells

Since unshielded cells are so damege sensitive, the asbove exercise with

such cells is instructive, but academic. Prediction of the behavior of shielded

cells is of immediate engineering interest.

The 30 and 60 mil shields used on Relsy I silicon cells exclude the
low energy protons which evidently demeged the unshielded cells. Damage by
protons and electrons of higher energy was thus considered. Informstion on
such particles has been accumulated in the form of the GSFC Pl proton grid
and the GSFC E8 electron grid in a fashion suitable for computer use.

A-1-4
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The Relay I spacecraft wes "ficwn" by computer through each of these
two grids for five, two day intervals. The cumuletive fluxes were tabulated
by 1k second steps. These proton and electron fluxes were aversged, modified
under certain assumptions concerning particle spectra, damege susceptidbility
as & function of particle energy, angle, and shielding and used to calculate
the response of the P/N, 60 and N/, 60 cells after 300 days in orbit. Cherry
and Slifer demage rates were agein used. The results sre shown in Teble L.

It is evident that “he predicted responses under proton or electron damage
are somewhat less then those observed. A solaer cell power supply designed
under such conditione would be unnecessarily "over-designed" from a radiastion
damage standpoint.

Future Woik

Anyone attempting to meke predictions of orbital damasge will find & need
for (1) up~to-date computer grids of protocn and e ectron distributions in
space and energy, (2) more laboratory studies of solar cell damage as a function
of cell type, particle type and energy (particulerly low energy protons) with
complete V/I curves evaluated under a space-sunlight simulator, and (3) some
method, of either empirical or theoretical origin, for taking into account
the modifications that a shield imposes on particle energy and anguler distri-
bution. Further, (4) improved orbital dsmsge experiments should be conducted
with solar cells, in which promising cell types, shields, and adhesives should
be explored and in which full V/I cell characteristics are measured as the
cells degrade. Finally, (5) a continuing effort must be made to improve our
understanding of the solid state physics of the radiaetion damage process in
semiconductors.

Conclusions

Among the conclusions which may be drawn from the date of the Relay I and
Relay II solar cell radiation damage experiments are:

(a) The results from the Reley I and Relay II damsge experiments, where
comparable, are similar. iy

(b) Unshielded silicen (1 ohm-cm) and gallium arsenide solar cells degrade
to the 75% initial short circuit current response level in less than one day.
The order is silicon P/N, gallium arsenide, and silicon N/P.

(c) Shields equivalent to 3 mils of Corning 0211 glass, or greater,

extend time to 75% initilal response by at least a factor of 100, compared
to unshielded cells.

A-1-5
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(d) From Relay I results the times in orbit for N/P (60 mil. 7940 shield),
N/P (30), P/N (60) and P/N (30) solar cells to degrade to the 75% initial
response level are 480, 197, 47, and 32 days, respectively.

(e) Heavily shielded N/P silicon cells last about 10 times as long
as similarly shielded P/N cells.

(f) Silicon N/P cells with 60 mil silica shields last sbout 2.4 times
as long as similar cells with 30 mil shields.

(g) The degradation rate of the heavily shielded silicon cells is about
17% per decade of time, in the severe demage region.

(h) Tentative results from Relay II indicate that gallium arsenide
cells with 3 and 12 mil gless shields are about as damage resistant as the
silicon N/P cells with 60 mil silica shields, judged at the 90% response
level. Gsllium arsenide cells with 30 and 60 mil silica shields appear
considersbly more damage resistant than silicon N/P ¢olls with 60 mil shields.

(1) Predicted damage to the unshielded silicon cells on Relay I agreed
fairly well, in amount and time, with observed damege. The damege was
evidently caused by protons whose energies were a few Mev.

(J) For the 60 mil shielded silicon N/P and P/N cells the damsge predicted
by considering the available information on trapped electrons and protons,
together with laboratory determined damsge curves, was considerably greater,
for both electrons and proton., than that observed.

(k) The supposedly damege susceptible "reversed" cells did not behave
as expected.

(1) The more conventional solar cells showed several interesting anomalies,

including a meximum in the response curve for the N/P, O cells around 50%
response, at 10 days in orbit.
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TABLE I

ORBIT PARAMETERS

PIC-SOL 209/5

Parameter Relay I Relay 11
Apogee (Km) 7439 7414
Perigee (Km) 1321 2088
Inclination (Deg) 47.5 46.3
Period (Min) 185.1 194

Zero Time,GMT

1962 Yr, 348 Day,
00 Hr, 00 Min,
00 Sec.

A-1-7

1964 Yr, 21 Day,
21 Hr, 42 Min,
00 Sec.
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TABLE 1I

RELAY RADIATION DAMAGE SOLAR CELLS

Shield Mils,

No.of Cells

No.of Cells

Cell Type (Ce.t.No, ) on Relay I on Relay I1I
P/N, Si 0 3 3
P/N, Si 30, {7940) 3 3
P/N, Si 60, (7940) 3 3
N/B, Si 0 3 3
N/P, Si 30, (7940) 3 3
N/P, Si 60, (7940) 3 3
REV, Si 0 3 0
REV, Si 30, (7940) 3 0
REV, Si 60, (7940) 3 0
Ga As 0 3 2
Ga As 3, (0211) 0 2
Ga As 12, (0211) 0 4
Ga As 30, (7940) 0 2
Ga As 60, (7940) 0 2
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TABLE III

PIC-SOL

TIMES IN ORBIT AT WHICH VARIOUS SOLAR CELLS

FELL TO GIVEN PERCENT INITIAL VALUES

209/5

Output | P/N, 0 | P/N, 30 | B/N, 60| N/P, 0 | N/P, 30 |N/P, 60 |Ga As, 0
(%) (Days) (Days) (Days) (Days) (Days) (Days) gpmyss
90 (0.033) (3.2) (5.7) 0.14 34 50 (0.06)

0.044 2.5 5.0 0.16 16 30 0.044
75 (0.044) 32 47 0.33° 197 (480) 0.25
0.062 25 §g 0,39 x X 0.18
60 6.17 128 300 1.6 (1800) (4000) 0.66
0,18 (150) (360) 1.2 x x 0.34
50 (0.28) (470) (1200) 17 (7200) (18000] 1
0.30 x X 4.5 x b 4 0.49

( ) = Estimated.

n.nn = Relay II, others Relay I

A-1-9
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TABLE IV

PREDICTED AND OBSERVED SCLAR CELL RADIATION
DAMAGE AFTER 300 DAYS IN ORBIT, RELAY I

Cell Type Shield Mils, Radiation Predicted Observed
(Cat.No.) Info. Source | Response Response
(%) (%)
GSFC ,
P/N, Si 60, (7940) P1 Proton 86 60
— Grid
N/P, Si 60, (7940) GSFC 75 79
! Pl Proton
' Grid
? °/N, 8i 60, (7940) GSFC 47 60
' E8 Electron
Grid
' N/P, Si 60, (7940) GSFC 75 79
: E8 Electron
: Grid
"
¥
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Figure 1 - Relative short circuit current vs. time for the silicon and gallium arsenide cells on Relay I.
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Figure 2 - Relative short circult current vs. time for the special "reversed” cells on Relsy I.
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DISCUSSION

LOFERSKI - BROWN UNIVERSITY: What was the arrangement on the so-called
reversed silicon cells?

DR. WADDEL: I am embarrass=d to say that I have forgotten this. Does Dr.
Yolf from Heliotek re~zll this? (In the discussion which followed. it appeared
that the front, or thick layer of the cell was n-type.)

PR

ROSS - HOFFMAN E.ECTRONICS CORPORATION: I have two questions., First, what
were the results of your lifetime experiments? Did you find a one-tc-one cor-
relation to your degradation as recorded on power? And, second, what was the
basls for your prediction?

DR. WADDEL: I believe you refer to the experiment in which the minority :
carrier lifetime of the diodes was monitored. We cut some of these diodes open. 5
They were standard Texas Instrument 1No49 diodes. We found that they were in- :
herently shielded by about 20 mils of glass. The carrier lifetime curves for
these diodes, when normalized so that they could be put on the ssme sort of
scale that the normalized solar cells were, oscillated in the reglon of the 30
mil shielded p-on~n silicon solar cell. The effect was certainly in the ex-
pected direction. The carrier lifetlme definitely ani grossly shrunk with time;
secondly, the degree of the effect lay between that for the unshielded and a 60
mil shielded silicon solar cell.

Now, I will answer the second part of your question concerning the basis
for my prediction. We will consider the prediction for the heavily shielded
golar cells, which are of greabtest interest. The compution group flew, in
effect, the spacecraft for five 2-day intervals through the Relay I orbit, and j
evaluated the cumulstive flux of protons of energy greater than 30 Mev and the :
cumulative flux of electrons of energy greater than 0.2 Mev. From these figures :
I could calculate an average electron and proton flux. Concerning protons, 1
extended the 30 Mev cutoff point down to 165 Mev which is the nominal cutoff
point for protons in a 60 mil shield, by the use of a relation by McElwein which
concerns the shape of the spectra, This gave we a new number for the proton
flux. T then inserted factors; the factor of a half for infinite rear shielding,

a factor of one-third for obliquity, and en important factor extending the con-
sideration of 16% Mev protons to 4.6 Mev protons using the inverse energy

damage curve. This finally gave the predicted proton flux down to 4.6 Mev

protons, a certain number of them in 300 days. We then used damage relations

obtained by Mr. Cherry and Mr. Slifer to predict the damage. I don't think

I can go through all the rest of it. I must say that these tests are not

exact, and as some of you have observed, if I had done much worse on the pre-

diction, I would have been considered incompetent and if I had done a lot better

I would heve been considered & scoundrel.

e

'

WEINER - RCA: What wes the base resistivity of the cells you used?
DR, WADDEL: Tlhey were 1l ohm centimeter cells.
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ABSTRACT

Both p/n and n/p silicon solar cells were irradiated by
electrons whose energy was below the threshold for bulk radia-
tion damage. The photovoltaic effect produced by strongly ab-
sorbed (0,365 p) and penetrating (1.02 u) light was measured
during the course of irradiation, It was found that the surface
recombination velocity of the n-type surface decreased while
that of the p-type surface increased with increasing flux, It
was also found that as the pressure of the ambient decreased,
the surface recombination velocity experienced appreciable
changes, The experimentally observed changes ware used to
prediet changes in the output of a solar cell which could be
attributed to radiation-produced surface effects,
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THE EFFECTS OF LOW ENERGY ELECTRON IKRADIATION ON THE
SURFACE PROPERTIES OF SILICON SOLAR CELLS*

R. F. Santopietro and J., J., Loferski
Division of Engineering
Brown University
Providence, R,I,
(02912)

INTRODUCTION

When a semiconductor surface is subjected to irradiation by high energy
particles, its structure can experience changes which will be reflected in
changes in the electrical properties of the surfacz, The structural changes
can be of various forws, For example, the radiation can dislodge either
host lattice or impurity atoms (like those deposited by an etchant) from the
surface, I~ can change the ionization state of atoms adsorbed on the sur-
face., It can ionize atoms of the ambient gas in which the su-face is im-
mersed and thereby increase or decrease the probability of adsorption of
ambient gas atoms on the surface. These changes in surface composition can
change the conductivity of the surface layer even to the extent of changing
conductivity type. They can change the work function of the surface as well
as the lifetime of minority carriers at the surface, i.e. they can cause
changes in the surface recombination velocity s .,

Consequently, those parameters of a solar cell which are functions of s
will also change. These include the short c¢ircuit current and the reverse
saturation current of the junction.

Such changes in photovoltaic cell parameters are always observed during
the course of studies of the effects of radiation on the bulk properties of
cells, Since tlie surface changes usually saturate after the elapse of scme
irradiation time, the usual procedure is to ignore the initial changes and
to attribute them to "surface" changes, The purpose of this investigation is
to examine the chaunges in silicon photovoltaic cell properties which can be
attributed to irradiation of the surface,

EXPERIMENTAL PROCEDURE

The optical absorpticn constant of silicon rises rapidly ac the energy
of the photons is increased above the energy gap (l.leV at 300°K), Thus.
the absorption constant is about 102 cm™ -1 for A= 1,03y and 2 x 105 cm=l
for )\ = 0,365u . Consequently, the response of a silicon photovoltaic cell
to 0.365u will be a strong function of the surface recombination velocity.l
On the other hand, only a small fraction of the hole-electron pairs produced
by 1,03y 1light are produced in sufficient proximity to the surface to be
affected by s , This difference in sensitivity to s was the basis of the
experimental technique used in this investigation,

ot



e

PIC-SOL 209, 5

Figure 1 shows the experimental arrangement, Electrons from a Van de
Graa. f accelerator enter the irradiation chamber through a 0,001" aluminum
window which serves to diffuse the beam and to separate the vacuum of the
Van de Graaff from the ambient in the irradiation chamber, The electron beam
energy is initially 140 KeV (which is below the threshold for bulk damage of
165 KeV), but after passing through the window the average energy decrease-
by about 15 KeV and of course the beam is no longer monoenergetic,

The photovoltaic solar cells (either Heliotek p/n or RCA n/p cells)
were mounted on a water cooled copper block, The cells, which had s sclar
energy conversion efficiency of about 10%, had no anti-reflection coatings or
cover glass. Prior to insertion in the irradiation chamber, the cells were
first washed in boiliug acetone, then in de-ionized double distilled water

and dried,

A system of mirrors and shutters made it possible to direct light of
either of two wavelengths onto the sample as shown in the drawing. The
0.365u light was produced by combining a low pressure Hg arc and a Type 18A
Wratten filter. The 1.03v light was produced by an incandescent light com-
bined with an interference filter., Spectrai purity of these two sources was
checked by passing the light through a Perkin Elmer monochromator,

The intensity of the two wavelengths was adjusted so that the open cir-
cuit voltage V__ was low enough to keep the i~V characteristic in the linear
region, The i-%cuaracteristic wae meacured with a Kintel dc¢ meter whose out-
put was compared to that of a Leeds and Northrup Type K3 potentiometer, Figure
2 shows a typical i-V characteristic; its intercept with the current axis
vields I while its slope is equal to (AIO)‘l.

The effect of irradiation was deterrined by recording an initial i-V
characteristic with each of the two wavelength sources, exposing the sample to
a predetermined electron flux and then repeating the measurement of the i-V
characteristic, The characteristic was recorded rapidly enough so that recov-
ery was negligible during the measurewrent,

The electron beam current received by the sample was determined by direct
measurement of the current incident on the electrically insulated sample.

EXPERIMENTAL RESULTS

a) Effect of ambient pressure only.

Figure 3 shows V,. as a function of time for a p/n cell exposed to
0.365u light in a forepump vacuum, Similar behavior was observed when the
cell was illuminated by 1.03u 1light in a diffusion pump vacuum {about 10-5
mm Hg). This decrease in Voc Was traced to an increase in the reverse satura-
tion current I, , which in turn means that s increased. Since solar cells
mounted on satellites must operate in the ultrahigh vacuum of outer space,
their spectral response and power output probably experiences some change.
Note that Figure 3 shows V,, for a low illumination level. When {.e incident
light corresponds to solar fntensity, the changes in V,, will of course not
be as great as those observed in this experiment because Voe is a logarithmic

function of Is/Io at high light levels,
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b) Irradiation of p/n cells,

Figure 4 shows relative changes in V,. vs. integrated flux for both
wavelengths of light for a sample placed in a giffusion pump vacuum (about
10-5 mm Hg). These data were collected only after the vacuum induces changes
described above had reached saturation. The initial electron beam nnergy was
140 KeV, Note that the V c produced by tsth lights decayed by approximately
the same amount, The facg that the 1,03y response seemed to decay more

rapidly in the run shown in this figure is not significant because repeat
runs on this same sample resulted in some cases for which the 0.365u re-
sponse decayed more rapidly. From this behavior, it is clear that the
changes in V,. are dominatad by changes in Io .

figure 5 shows how V_ can be cycle. by exposing it to the electron
beam, interrupting the beam and allowing the cecll to recover in vacuum,
Note that V,, never r-~turned to its original value and that the relative
changes in V. were different in the two cycles shown in this figure. Here
again the behavior for 1,03y and 0,365u 1light is essentially the same so
that the changes of V,, must be attributed to changes in I° .

Figure 6 shows I, and I for 0,365y and 1,03u light plotted as a
function of electron flux for a fresh cell, i.e. one which has not been ex-
posed to &anyv irradiation, Note that during this run Ig for the 0,365u
light increased initially by about 20% and then decreased. On the other hand,
Ig for the 1,03y 1light remained essertially constant throughout the run, Fi-
nally, I, first decreased by about 30% and then increased,

Figure 7 shows the same three parameters plotted versus integrated flux
when this same p,/n 7«1 “ent through a second cycle after it had been allowed
to recover in the vacuum overnight., This time, the initial increase in Ig
for 0,365u 1light is absent ard this parameter decreases by about 20%, Here
again Ig for 1.03u remains constant, Finally, I, increases by about 20%.

Since I for 0,365y 1light is approximately an inverse function of sur-
face recombination velocity s while I, is approximately proportional to s ,
i* is reasonable to conclude that the behavior shown in Figures 6 and 7 can be
attributed to changes in s ,

¢) Irradiation of n/p cells,

Figure 8 shows I for 0,365u and 1.03u 1light plotted versus flux for
a fresh n/p cell placed in a diffusion pump vacuum, Here again the electron
energy was initially 140 KeV, Note that I for 0,365y light increases by
about 40% and saturates at this higher value., The response to 1,034 light
remains constant,

Figure 9 shows these samr twe parameters for the same cell after over-
night recovery in the vacuum, This time Ig for 0,365y .ncreases hy 30% while
Ig for 1,03y remains constant. Note that the final point in Figure 9 corre-
sponds to an integrated flux which ic about 50% larger than the maximum value
given for the p/n cell. No decrease in Ig for 0,365y light was observed
even after t. is increased irradiation.

A-2-3
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CORRELATION OF EXPERIMENTAL RESULTS AND THEORY

The experiments described above indicated that s changed as a result of
low energy electron irradiation., It should, therefore, be possible to corre-
late these results with theoretical calculations of the iesponse of photovoltaic
cells to light of these two wavelengths, The continuity equaiion with appro-
priate boundary conditions was solved for a cell with the same geometry as the
photovoltaic cells uged in this study (junction depth, 1lu ).

Figure 10 ihows a plot of the collection efficiency Qp vs s for

= 2 x 10° cm™ and for two plausible values of T in the diffused: region
(108 and 10-9 gsec). The parameter Q is proportional to I, so that an
experimentally observed change in Ig Tan be related to a certain change in
s through curves like those in Figure 10, To be specific, consider the
rase of irradiation of an n/p cell, As is evident from Figure 9 , an n/p
cell experiences a 30% increase in I, before the surface changes saturate,
Suppose that the saturation corresponds to a value of G, which is close to
the maximum in Figure 10, i.e, let it correspond to a value of s = 104
cm/sec, Then according to the figure, the value of s _at the beginning of
irradiation would have been about 2 x 105 cm/sec. Wolfl has published
curves of Q. vs A for s = 105 and 10* cm/sec and 1 = 10~% sec. IS his
calculations are combined with the Johnson's air mass zero solar spectrum,
it is possible to calculate the short circuit current which this cell would
deliver prior to (s = 105 cm/sec) and after irradiation induced saturation of
s (s = 10% cm/sec), Such a calculation yields the result that I, (and also
the maximum power) would increase by about 10%., The szame sort of computation
for a p/n cell leads to the conclusion that Ij would decrease by about 10%
in that case.

AN ESTIMATE OF THE EFFECT OF VAN ALLEN BELT ELECTRONS

From Figures 6-9, the flux needed to cause a saturation of s is about
2 x 1015 electrons/cmé. These irradiations were performed by electrons with

Eg < 140 KeV, If it is assumed that the changes are functions of integrated
flux only, i.e, that they are independent of the particle energy, it becowes
possible to estimate the time needed for a cell to reach saturation when it

is exposed to the Van Allen radiation flux, It has been estimated that the
integrated electron flux with Ep > 20 KeV is as high as 1010 particles/cmzsec.2
Using this flux value, it would take a few days for the surface effects in the
cells to attain saturation,

DISCUSSION OF THE EXPERIMENTAL RESULTS

The experiments described in this paper show how the surface proporties
of photovoltaic cell change during radiation but they do not indicate the
mechanism underlying these changes. Further experiments on devices whose
construction favors better control over the semiconductor surface are in
progress, but even at this stage the following preliminary observations are
worthy of note,
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1) If the pressure in the irradiation chamber is nearly atmospheric,
the amount of surface change decreases sharply, i.e. it anrsars that the sur-
face changes require simultansous irradiation in a vacuum,

2) One run was made at liquid nitrogen temperature., The amount by
which the surface changes is even greater in this case,

3) It is possible that I, changes because of edge effects around the
periphery of the cell. Preliminary experiments designed to reduce the role
played by such edge effects have tended to rule out this possibility,

4) The changes produced when a cell is placed in a vacuum in the ab-

sence of radiation are not affected by ultraviolet light at least not for
uv intensities delivered to the specimens from the low pressure Hg arc,

BIBLIOGRAPHY
1. M, Wolf, Proc, IEEE, 51, 67493, May 1963,

2, G, E, Mueller and E., R, Spangler, "Communication Satellites," p. 49,
John Wiley & Sons, New York, 1964,
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DISCUSSION

MILTON SCHACH - GODDARD SPACE FLIGHT CENTER: Did you measure reflectance
before and after?

MR. SANTOPIETRO: No.

PAUL RAPPAPORT - KCA: Were you a&ble to separate how much I changed with
the UV radistion? And also, do you have any ideas as to why IO changes because
of surface effects?

MR. SANTOPIETRO: First, you said that I_ will change from the ultraviolet.
The ultraviolet generated I is strongly depeﬁdent on the surface, so that when
that changes, Is from the ultraviolet will change.

RAPPAPORT: I know that, but it looks to me as if you might be able to
account for your change solely on the basis of a change in Io.

MR. SANTOPIETRO: Well, I0 is also determined by IS.

JOE LOFERSKI - BROWN UNIVERSITY: There were checks made of what the effect
of ultraviolet radiation alone would be on the surfaces. We found that ultra-
violet radiation alone 4id not cause any changes in I or I . As far as why I
should be changing, it turned out that it is in part 8ependgnt upon surface rel
combination velocity. Vhen we undertook these experiments, we thought we could
look only at the open circuit voltage, and not have to worry sbout I . But
evidently this is not the case for this particular solar cell structire. I
does depend on the surface recombination velocity, rather strongly. ©

QUESTION (NO NAME): Your plots for the p-on-n cell show that I_ apparently
decreased, then increased with the radiation. Do you have an explanétion for
this?

MR. SANTOPIETRO: This cccurred only in fresh cells. The preparation
technique we used was to wash the cells in acetone, then distilled water, dry
them, put them in vacuum, wait for the vacuum changes to stop, and then begin
to irradiate. Only on the first irradiation wss the increase in Is in the ultra-
violet observed and the decrease in I . If the same cell was allowed to recover,
and then irradisted agein, I increas®s while I_ decreases. So the I changes
only in one direction after ®he initial irradiafion. °

MARTIN WOLF - HELIOTEK: It appears that the effect observed here could
explain Dr. Waddel's observation on the solar cells.

ROSS - HOFFMAN ELECTRONICS CORP: I wonder if one really can explain the
large changes Dr. Waddel observed in thick cells, that is cells as thick as

A-2-17
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10 mils of silicon between the surface and the junction by means of surface
recombination effects. I don't think that these thick cells would be effected
by surface recombination.

REPLY ( NO NAME): We did a calculation for the effect of surface recombin-
ation on 4 mil thick cells. We found that the collection efficiency in the
thick region was quite devendent on the surface recombination velocity at the
surface farthest from the Jjunction.

A-2-18
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LOW~-ENERGY PROTON sSOMBARDMENT OF SILICON CELLS

J. Wysocki, J. Loferski¥* and E. Davison
RCA Leboratories
Princston, N. J.

B:.troduction

At last year's conference, the effects of low-energy protons on GeAs
and 51 cells was discussed. It was slown, for example, that the short-
circuit current of GaAs and the open cirenit voltage of Si cells were the
most easily damaged solar cell parameters. A subsequent experiment con-
firmed these results.

While the behavior of the GaAs cells was well understood, it was not
clear why the Si cells behaved as they did. For example, from a study
of the behavior of the short-circuit current as shown in Fig 1, iE is
observed that the current is unaffected until a flux cf 10 m
has been accumilated, after which the current falls rapidly. The fa;l-cff
approaches 50% per decade, reminiscent of the degradation observed in
GaAs cells. Furthermore, particle~ of higher energy are more damaging,
contrary to arguments based on Ruunerford scattering. The behavior of
the other cell parameters, on the other hand, is typified by the results
shown in Fig. 2. While the current has the behavior alluded to, the
open-circuit vcltage, and consequently, the power drops steadily with
fiax. The voltage falls at a rate of approximately 20% per decade.

The behavior of the current and voltage is recognized to be quite
differen*t from that observed in higher energy irradiation. where the current
degrades &t a rate of approximately 20% per decade and the voltage is
insensitive to irradiation. The results considered here are’the current
and voltage behavior of the Si cells.’

Model

The model is based on the following features. First, the range of
low-energy protons 1s small in Si. It varies frum 1.8u f.» 185 KeV protons
to 6.8u for 530 KeV particles. In our experiments, the cells werc inclined
at 45 w’'th respect to the beam; consequently, the effectire ranges (so to
speak) are only 1.3-4.9u. Secondly, most of the carriers are generated by

light in, and collected from, the base region, a consequence of the absorp-
tion mechanism in Si.

¥Brown University, Providence, R. I.
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The medel 2 shown ln Fig. 3. The proton rarge 1s the distance X, plus
1he antlerefiection Zhickness and Junction depth. Irradieticr introdules #
damage region in the base adjacant to the junction. We inguire how this
damaze isyer, Z,, effeccts the respouse of the saolar cell.

The tehavior can be computed by solving the coniinuity equation with
apprcepriate conditlons at the various boundaries. The following sssumntions
are made, FRirst, the protons introduce damege uniformly over the regicn Xi.
The lifetims in the materisl beyond X., however, I1s not affected. Secondly,

fields genereted by the 1 {etime gradient are regligible.

Results

Althougn the solution for all wave lengths 1s easily obtained, we
restrict cur discussion *o the care of penetruating vadiation., Thne effective
diffusion in lenghh in the bese L¥ is shown in Fig. b as a Tunction of the
reciprocal diffusicn length in the demsge region X,. The curves were com=-
paced for a cell with a total cceting and junctios thickaess of O.by and
an initial d4iffusion length of 100u. Observe the behavior is a strong
function of proton 2aexrgy, or more properly, praton range. The effective
diftusion length is independent ol L, to & certain point and then fails
‘repidly. As the proton.rsnge increaSes, the rapid drcp oceuf?hat larger
values of L,. BSince I. is some function of flux, perkeps. @ /%, this
Tigurs impiies the eff%ctive diffusion length (hence short~cireuit current)
will be almost independent of Tlux up to & certsin value and then fall
vapidly. This was the cbserved tehavior, as showm In Fig. 5. These data
were obtained Trow electron-voi¥eic and spectral response Tgasurements.

"he 185 KsV data shows 1ittle variation with flux up to 10~ pfen”. The
uigher ensrgy data shows the trend expected on the besis of the physical
model; the diffusicn length changes little and then rapidly with Tlux.

A comparison ofﬁthe cgmputed cegradation and the experimental values
~ e ] r4 - T 6 1 g ”
t o flux of 4 x 10 p/cm 1s shown in Fig. O. ‘The compubed curves are
sged on the values of L. shown, nesely 2.5 and 3.3u. NG correction for
¢latlive introduction rates were made in che computaticns. ‘The gualita-
fve comparison is reasonsbly gocd.

w

-t LY

-

y

When an atnempt is mede to correct the computations for ar introductinn
rale governed by Butherfevd scattering, the comparison between experiment
and theory is somewhat pooi7§ as chown In Fig. 7. For the corrscvion, it
was assumed that o oie f’ whereov , the defect inbrodugticn rate,
vacies spproximately with the reciprocal of proton emergy.  If this theo-
retical avgumeni is pursued, the proton eanergy at which Rubherford-type
bebavior (i.e. varying inversszly wgth proton energy) becomes evident is
6 MeV for cells irradisted at 457 with respect to the beam, and 3-%

MoV for celis irradisted normal to the beanm,

'
i

he3e2

e 3 rdlye!

By b
»
Wiy

e g

SR

N
M

e

1
o

wates ok gy

3
X

'}.’;.“‘;_.;.;;-:‘\ 3

!
-

Xe

T
0 gl e S

e DA R T P N R g vt g

At



P PRV

- piean

A

TR TR, R0Me s

Ll

ot et

R e

o n—— . n A

rg
<

IC-80L 20975

Tmplications and Conalusion

Tue form &nd energy degendence of the current degradaticn khas thus been
predicted. fThe difference in current and volhage oehavior follows dirsculy.
e open~circult voltege depends critically upon the lifetime in the vicinity
of tue junciion through the dark surrent. From the onset, low-energy protons
reduce the lifetime in regions close to the hanction without reducing col-
lection from the base. As irradietion proceeds, the lifetims bvecomes too
small and the short-circuit current fells rapidly. In thie sense, H1 cells
approach the exponential dbehavior ordinarily seen in Gass.

Since the proton rmnge is small, the junciion depth and thickness of
the apti-reflection coating become important parameters in the results.
Siight variations in either will lead %o large differences in behavior, con-
tributing to scattor in the dsta.

A-3-3
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DIECUSSION

PAUL. RATFPAFORT ~ RCA: I think thet sowe of the results of our probon
experiments can be used te explain Dr. Waddel's Kelay observations on un~-
protected solar ecells. In Dr. Weddel's experiment the device that was down
the west ulter a large irradistion was the gellium arsenide cell., The
device that was down ths pext most was the silicon n-on-p celi. The best
device affher very largs ircadiation was the p-cn-n cell. Thie is somewhut
different than the resulis we're used to for protected solar cells. This
gqualitetively can be expleined by the fact that the front layer of the cell
is the woet importart part of the cell to get dumwaged. The reason that the
p-cn-~n is the hest is that the p-type wateriel has a vetter damage charscter-
ilstic than The n-type waterial. Hence for en unprotected p-or-n celil, where
the radiation damnge 1s chlefly the front part ¢ the ¢ell, you would expect
“he p-on-n cell to be the best, which was the case in the Relay experiment.

MR, WYSOCKI: I don't think that's wiat Faddel’'s experiments showed.
The p-on~n was always the worst. On second thowght, it would depend on the
energy. If the energy were sufficiently high, so that the radiation penetrates
irto the base, then you would expect and indeed we found that the n-on-p ce2ll -
wos betler.

PAJUL RAPPAPORT ~ RCA: AL the very higbh fluxes the unproiected silicon
p~cn-n %8s th2 best and the unprotected gelilum arsenide was the worst. The
reason Lhat gelliium arseside is worst 1s hecause itc response depends alwmost
complately on the front layer. DIr. Waddel's results show that only 3 mills of
glass protection will completely chenge this resuit. I think that this ig

vary gocd evidence vthat the low energy protons are causing thesa resulis.

EPSTEIN - MONSANTO: Do you have any idea what element in the p lsyer
of the galiium arsenide wight cause the degiradstilon with proton dewmege?

MH, WYSOCKI: 1in galilum arscuide Lhe response is slwmost entizely due
to regions noar the surface. The range of the protons i roughly a fector

of 2 L:ss 3u GuAs than it is in gilicon. As & result, the protous preferentially

Jdemage those regious which you depend upon Tor respouse, I don't know whether
or 0% theve are any specific iampuriiy effects on Jamoge.
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ABSTRACT

The pain purpose of this study was 1o observe the demage e¥fectis
produced in silicon and gallium sregenide solar cells by protons in the
epergy range, 100 to 500 kev. In order to atudy these effectes and to
chtaln accurate lux meesurements, seversl reflnemwents were made ovey a
previous experi:n&ﬁtl compieted fn April 1952. .Ome of the nmajor refirements
wes that of modifying the ILocshkeed 3-Mev Van de Graaff sccelerator sc
that 1% could produce protons with ensrgies as lov as 100 kev. Tae
importarce of this ensrgy range wes indicated in the previous experiments
and was firmly esteblished and extended in the pressnt experiment.

Several interesting and unexpected results were found for X/P type
siliccn solar cells. For example, the N/P cells exhibited a levelling-off
in the degradatlion of the open-~cirecuit voltsge for large time~integrated
 fTluxes of 130-kev protons. At 200 kev the ghori-circult current displayed
g double reversal in degrsdatlon. At 300 kev the degradation rete of the
short-circult current at large time-integrated fluxes was higoer then i%
was for higher energy protons. The experiment also conflrmed Hysocki's!
observation that galllum arsenide solar cells degrade repidly when irrediated
with 200~ and 500-kev protous.

Also included in this peper is a compariaon of the low-energy proton
results with previous results cobtained at lockheed using l-, 3-, and 12-

Mav protons. _ AV
SV

1. Lodi, E. A. and D. L. Crowther, "Soume New Results from Low~Energy Proton
- Irradiations of Silicon Solar Cells", Applied Physiss letiers 2, 1 {1963].

2. Wysocki, J. J., "Radiasion Properties of GaAs and St Solar Cells”, Jour.
Appi. Phys. 3k, 2915 (1963). -
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RESULTS OF LOW-ENERCY PROTON IBRADIATIONS OF SOLAR CELLS

by

E. A. Lodi, J. De Psngher, and E. B. Pearson
Luckheed Mimsiles and Space Compeany
Palo Alto, Californise

Introdvction

gur interest in studying radlation demsge to solar cells Irradiated
with low-energy protons stems from the fact that the agt3132 are rather
sparse in this energy range and there is informationds* indicating high
intensities of low-energy protons in the space radiation environment.
Although the injected electron belt of July 1962 severely incressed tne
redlstion hazsrds in space; the elesctrons did not replace protons as the
predominant partvicles in damaging N/? solar celis. In fact, our studies
of the space radlation environmment show that protons are st least, if not
more, dsmaging than electroms for most orbits.”?

perimental Arrangement

Test Cells and Illuminstion Source

The Zimensions of all the test cells were nominally 1 om x 2 em.
The cells were soldered to copper mounts which were mounted one at & time
on & brass rod used %o position the particulsr cell chosen for irradisgtion
in the evacuated irradistion chamber. Kach cell alsc had a wire lead
aoldered to vhe surface cortact. ‘The cells were irradisted one at & time
and the proton beam was interrupted periodically to sllow curreat-volisge
curves to be measured.

3. Bame, 3. J., J. P. Comner, H. H. Hill, =aad F. B. Holly, "Protons in the
Quter Zone of the Radiation Belt," J. Geophys. Res., Vol. 68, p. 55, 1903.

k., ¥Freewan, J. W., "Detection of an Imbernal Flux of Low-Energy Protons or
-Ions Trapped in the Inner Radiation Zono," J. Gecphys. Res.. Vol. 67,
P, 921, 1962.

5. Calculated by E. A. Lodl at Lockheed using in~flight expsriments, and
particle fluxes calcwlated by a 7090 computer program, Orbital Flux
Code, developed by W. HE. Harless at Lockheed.
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Two different illumination scurces were us2d in the =xyeriment, A
tungsten lamp source filtered by twe inches of water was ussd when the solar
cell was in tae irvedistion chawmber. The Lockheed sux simulatcr® was used
orly for pre-irradiatior and post-irradistion tests which were made in
another bullding. The light intensity empiored with the suzm simuleior
was 140 mw/cn® of simulated cuter spece sunlight. The intensity of the
tungsten light scuvrce at the solar-cell position was adjusted by moving
this light scurce until a stenderd solar cell gave Lthe same value of the
shost-cirewit current at normel Incidence, as it did previousiy with the
Lockhesd s simulator. Io the case of the tungsten light source, the
angle of incidence of the light on the test cell was 450,

Eleciricel Meesurementis

The cirsuitry used to measure the respomse of the sclar cell is &laplayed
in Fig. 1. The X-Y plotiter recorded all of the current-volbsge curves
obtained bafore, during, and after The irrediations. To avoid sny drift
ir the plotser during ute experiment two calibrated voltsge sources were
uged periscdically to cbeck the calibration of tLe voltage and current axes.

Proton Seattering

The profon beanm was scattered with a geld foil to reduce the hess
intensity to tolerable vsiués and Lo nbtain a larger sxposure aresa for
irradistiog solay cells. The thickness of the gold foil uaad in the experiment
wag sbout 1077 cm. In the energy range, 100 - 500 kev, a proton loses
about 20 Lev in passing through the gold &t ncrmel incidence. From thie
fact it can be easliy shovn thet the proton energy expsrienced by & solsy
nell irradisted &t & scattering angle of L5 can be as much as 28 kev below
the primary probon energy.

- Figure 2 depicts the arcangement for: {u) collimeting the proton
beam to strike s 1/8 in. dlameter circular erea on thke gold Poil, {2)
irradisting the solar cell with protons scatiered through 45°, (3) monitoring
the tranemitted Veam witkh a Faraday cup, (4) ililuminating the solar cell
at au argle of ircidence of k5 with the light from the tungsten lamp, and
{5} counting the scattered protons at the detector positious of 459 snd 120°.
A pressare of gt least 1077 torr was maintsined in the irrediation chamber

6. Shig simdator was built by the Solid State Physics Group at Lockbheed.
Thelr callbration of the simulator indicates l=ss then 10% deviation
from cohunpor's spectrum in intensity ss & function .of the wavelengih.
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during the experiment. Two silicon surface barrier detectors ,7 one at 45°
and the cother at 1.20°_, were required %o count the protons over the energy
range desired and cver s wide renge of counting retes. Compleke szepsration
of unoise from 130- ¥ev proten pulses was possivle only with the 459 detentor.
This separaticn wes net poseidls vwith the 120C detectoxr becausge of the
peorer 2uergy resclution zreseot in it. Thus thke discriminator in tae

120° detector circuit had to be raised sbove the noise level. The 120°
detector was calibrated against the 450 detector whose counts were
calculated to yield the $iwe-integrated flux at the solar cell., At

the nighest irradiaiion retes the count ratee in the 52 detector were

toco nigh to be counted; conseguently, the nroton irrsdisticn upon 1t

was interrupted by closing a shubtter in the detector tubs and then the

120° detector with its icwer rstes were uged for monitoring the irradiation
flux. The poorer epmergy resciution obisined with the 1209 detector is
caused by the fact that the extreme path jength of the protons in the

geld Poil is sbout 2.1 tiaes as large for the 120° detector as it is for
the 45° detector. The collimators in front of each detector both hed
diampters of 0.1 in. and both were located 100 cm from the gold foil.
According bto calculations bssed on the Rutharford scattering isw the ratio
of the 45° count rate to the 120% count rate has the value 27, wnile actual
meagurenents of the count rates gave velues from 22 to 28. Messurements
chteined with this detection system showed that the Faraday-cup monitor was
8 nonreproducible mopitor for the very thin gold foil thet had %o be used;
consequently, conplete reiiance was placed on the e solid state detectors
in determining the proton fluxes at the golar ceil.

Figure 3 shows a block diegram of the electronics system used for
anplifying, weaguring, and recording the proton pulses in the wwo detactors.
By gating the 400-channel pulsz height anslyzer and ohserving the part of
the puise height spechtrum selected by the two discriminators they conid be
visually set to give ile besi signal-to-noise ratios in the $wo counting
syntems., BRather wide discvimicator pulses of 10-microsecord durstion were
smployed to insure coincidence of diseriminator pulses with the corresponding
padses that were being snelyzed. An anaiysis of the data obbtained from the
two detectors over a wide range of counting rates showed thet the desd time
of the systems was the same ag the time duration of the discriminstor pulss.
The dats were corrected for desd-time loss in determining the time-integraied
Fluxes.

7. Ubtalned from the Qsk Ridge Technical Enlerprises Corporstion in Qsk
Ridge, Tennesses,
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Modification of the Lockheed 3-Mev Van de Graalf Sccelerator

.

The norwel epersy spsu of the ILockheed Van de Grsaff accelerator is 0.8
to 3.0 Mev. To extend the lower energy limdt the most extensive modificetion
of the accelersator required removing the standard 3-Mev coropa-point-cgntrol
mechanism and in pesrmexnently installing a deeper penetrating mechanismg
aormalily nsed with & 5-Mev Van de Grasff accelerator. Other wmodifications
consizted in shortiog out e fraction of the accelerator colume, in using &
Hall effect device to messure the meguetlc £leld strength in the analyzirg
magnet at low-field strepgihs instead of the usual proton-moment gaussmeter,
and in using the molecular HRY besm lnstesd of the usual stomic It beam Lo
obtain a further reduction of the vroton ensrgy. For ope psrticular fractinn
of the aceslerntor cclumn which was shorted out, & volitasge span of 0.2 to
1.2 ¥V resulted and led to e proton-energy span of 0.1 to 1.2 Meve A
differernt shorting Traction is required for a different energy span and
requires the opening of the Van de Groaff pressure tank to meke the change.
Actuslly the lowest proton energy operating point, x50 kev, used in this
exporimert was set by neise¥ in the solid state detectors and full use of
the accelerator energy range was not employed, )

Regultbs

The results are sepurated imto two parts. The first part covers the
130~ to 500- kev proton irradistione. These results are displayed in
Pigs. L-10. The second part is concerned with the comparison of these resulte
snd those oblained with l-, 3~, and 12~ Mev protons. These compsricons are
given in Pigs. 1ll-14. Teble I shows the comparison, before and after
ivradistion, of the maximum-power degradation of tbe cells as ohieired with
the LM3C sun simulator and with the tungsten-water Llight scource.

Figures L7 display the degradation of tke reiative meximm power ss
a function of the time-iutegrated fiux for silicon solur cells with proton
energies of 130, -200, 300, and 500 kev respectively. At esch energy,
reswlts are given for P/ and N/P type cells and they show taat N/P type
cells are more radietion resistant than P/N type cells, as was expected.
This fact becomes more and more evident vwith lnersasing proton emergy. Also
included in Fig. 7 are reeults for a 10 ohm-cm N/P solur cell. These
resulte show that at 500 kev, the 1C ohmeom §/P cell is nc wore rediaticn
reslstant than 1 cim-cm N/P cells. This observation is in good agreeme i

8. Purchased from the High Vrltage Engineering Corporation in RBurlington,
Maasachugetts.

9. Weller, J. F. sud R. L. Steller, "Lov-Energy Froton Damage to Solar -
Cells”, TREE Trane. Muel. Sei. ¥5-10, 66 (1962).
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with the results of the Naval Research LwboratorytC using b4.65-Mev protoms,
which differs from the resulits of slazotron demsge snd very high energy
proton damage. Figure 8 shows the degradation of the relstive meximuwm
power of Gals soler cells as & function of the time-integrated. flux for
200~ and 500~ kev proicns. By compsrison, as the irrsdistion proceeds;
the Gahs cells degrade ss fast as N/P silicon sclar cells for 500- kev

- protons but considerabiy faster for 200- kev protcns. Figures ¢ sxd 10

show the changes in the current-voltage profiles az a Tuncticn of the time~
integrated flux for N/P cells witk 130~ and 200- kev protons. The curves
for 130- kev protons {see Fig. 9) are numbered tc show successive measurements
taken with incressing time~integrated flux. The crdering of numbers is
regular as observed along the current axis bub shows g reversal in opep~
cirouit voltage after the time-integrated fiux corresponding to curve {(T)
is exceeded. On the other hand, for 200- kev protons (see Fig. iC), the
ordering is regular as observed eslong the voltage axis tut shows s double
reversal in shori-circult current after the time-integrated flux
corresponding to cusve {5) is exceeded. Thet is, the short-circuit current
initially degrades and then not only stops degrading vubl increases
substantislly spnd then degrades once agszin. At the higher epergies, 300
kev, 5C0 kev, 1 Mev, 3 Mev, and 12 Mev, no auch reversals in the degradation
nave been cbeerved. Figure 11 zives the comparison of the degradstion rate
of the short-circulf current as a function of time-integrated flux for

N/P cells over the proton energy range of 130 kev to 12 Mev. There are
several interesting observallons one can make from this comparison. First
of all, there iy the tramsition region betwsen 130 and 300 kev where the
slope of the short-civrcuill current degredation changes drssiically. Within
this trapsition region are the unexpected results of the 200- kev proton
irradistion of N/P cells, as described previously. Another observetion

is the Qifference in the slopes of the degradetion curves of short-circuit
currvent over the entire prcton energy range. This result is emphasized by
observing that the 3- and 12- Mev degradation curves crogs the 1 Mev
degradation curve snd appesr as though they will cross the 300 and 500 kev
degradation curveg with sufficient flux. Pizurs 12 gives the same informstion
as Fig. 11 except that it is for P/N type cells. The most Important aspect
of Fig. 12 is the similarity to Fig. 11 with respect to the relative slopes
of the degradation curves for corresponding proton energies {except at

200 kev where the P/W typs cell has already gone through the transition
region), Figure 13 displays the degradation of the open-circuit voltage
versus bime-integrated flux for the proton energy range, 130 kev o 12 Mev.

10, Weller, J. F. and R. L. Statler, "Low-Energy Proton Damsge to Solar
Cells”, IGEE Trans. fucl. Sei. NS-10, 66 {1963). -
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The significant point here 1is that the resulte indicate that the degradation
oi open-cirsult voitege is approximstely indeperndent of the proton energy
in this energy range. Further tests are clearly indicated to extend this
result into larger time-irmtegrated fluxes for e£ll proton energies. Table 1
gives a comparieon of the maximum-~power degradation as obeerved using the
IMSC sun similator mad the tungeten-water light source. For P/N silicon
solar celis the results indicate that the demage appesrs greater with the
tungsten-water source than with the zun similstor. For N/P silicon solar
cells at the two lowest proton energies this Is not the case., It is only
at prolon ensrgies of 30C kev and greater thet the N/F cells appesr more
damaged under the tungsten-water light source. For the two GmAs solar
cells Table 1 shows that the damage is not as severe with the tungsiten-wster
1ight source ae it i with the sun simulator. These results clearly
ivdicate that care shoiald be taken whenever results from experiment.»

using a tungsten light source are used for outer space sunlight condations.
It should e emphaslzed that any interpretations derived from Teble 1

are gsubject “o error benause of annealing of damege observed st low
energies and also because of the verlauce of total fluxes at which the
comparisons are made.
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Table 1

h:,

Co mpa“xaon of the Results CbtaLned With the IMSC Bun Simuistor and the Tungster-Water %3

Light Source¥* 2

{(Bote: Omiy ome representative cell for emch cuse is presented} i;

{Note: P/P = ratio of meximum power to initial meximm power) 3

S~

Proton #t, 1MEC ‘"

Cell Type Energy {(Mev) (p/em?/sec)’ Sur Simutator Tungsten-Water

®/P, P/P,
Re #70 P/N .13 6.4 x 1012 Lok 401
He #60 F/i\l 20 2.2 x 20+ g0 Lbos
R~ #56 F/N .30 1.k x 1v‘~* 507 .09
BTA 103 # P/N .50 5.2 x 100 L5Th AT
2 £a ?m 1.0 5.5 x 103-0 .p? 392
H #A P/N 3.0 5.2 x 1010 .612 450
B #2167 B/N 12.0 2.7 x 10+t 570 426
VI SD #3 X/E .13 k.2 x 1083 .34 585
TY #5 N/p .26 6.5 x 1032 .352 .386
7T Sb #6 N/P .30 1.3 x 1047 .396 . 335
7T S 10 N/T .50 8.1 x 10 h7g . 391
I §2 N/P 1.0 2.8 x 1041 537 L2k
P £y \r/f 3.0 7.2 % 1019 .7C9 .619
TT #14 N/® 12.0 2.8 x 0%t 690 623
Cads #2201  F/W .20 3.8 x 10+t .37k . 36k
Gads #203  P/K .50 8.5 x 1ok 453 48L

*Care should be teken with ewny .mterprejsation of these date due to anvealing
of dewage cbserved at the low gpergies™.
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DISCUBSSION

MR, WYSOCKI ~ RCA: I you extend my madel to higher energies, assuming
that theie is 8 Rubherford introduntion xats, then you Lind that the shift in
the curve comes abt sround 3 Mev.

IOFERIKT - BROWH UNIVERZITY: whet types of celils 2id you use in your
experimenty Which ones shored the doudble reversai?

MR, TODI: Unforturately, we didn't have e¢xacily the same types of cells
all the wsy through. These experiments were Jons over s wumber of yeurs, and
guite a variety of sells were represezted. However those psrticular ones were
the newest tyre of n-on-p 1 ohmecm., approxinmately Q.5 micrcon junction depth.

IOFERSKT ~ BROWK URIVERSITY: Did sll the n-on-p cells show this double
reversal?

MR. I0ODI: Ve iiradiated two such cells. Cniy one was bomoarded to s large
gnough dose to show this doudble reverssl. The cther was nct hombarded to as
large = dose, but shewed a delfinite tendercy to g0 up 10 a second oenk,

messured and would a3 different lighs source have given you different rvesulits
Aleo, when you showsd the open oiresdd veoltage, was tlkic under & coustant light
source cr vas the light sourece adjusted for maximum shoert ciroawds current
conditions?

QUESTION (BO NAME): Upder whet light sources wers the short eircuit curvents
2

MR, I0DI: First of ail the IV curves were plotted using & sSungsten lawp
with & waber filter. We have alsc resulis for hefore and after using & iock-
need spun sirmlator. However, the actual curves as a funcifon of integrated
fiux were tasken at the Tacility in vacuum using a water filtered Lurgsten lexp.
The energy was kept constant for all the cells, The lamp wes st from a
standsrd cell; and was then checked intermitlently to be sure that the stsndard
cell cutput wae conoctant. The sun simulator deoes shovw some indicstion that at
nigh energies the owtput wnder sunlight is grester than under the tungstien
iigit. For lower snergy protons the results are either that outpute under
tungsten and sunlight are the same, or sunlight cubput is a little less thin

tungsten output.
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THE ENERCY DEPENIENCE OF BLECTRON DAMAGE IM SfLICON

~R. G. Downing, J- R. Carbter, J. M. Denney
THW Space Technology Leboratories
Redondo Pesch, CaliYornia

Intreduction

Because of the lmwortance of electirons in the energy range of 1 Mev
and sbove, & series of experiments were couducted in Februsry and March of
196% to compare the experimentally observed electron energy dependence with
theorstical predlctmns based on classical relativistic Coulomb scattering
lawe and sinple displacement theory. These experiments, conducted at the
CGeperal Atomic linear electron accelerstor facilities 1o San Diego, indicated

that p on n silicon solar cells ard galllum arsenide solar cells agrezed
. 1,2

' quite well with the theoretical predictions™ . However, n on p siiicoxn solar

cells were observed to exhibit dumege rotes grestly in excess of those pre-
dicted by theory &g a function of increasing electron energy. Although the
data obtained in these initisl experiments confirmed the steep energy
dependence of electron rudistion damege for Lon P silicon golar cells , the
Jata were not adequate for accurate power supply design celoulations due to
lack of sufficient statistical dats and lack of information on the dependence
of this effect on base material resigtivity. In sddition, sn insufficlent
number of specimens were obvtalped For leborastory study in the determination
of the ensrgy levels and defect mechanisme responsidle For tie cbserved
depasrture from existing theory. -

Due to the inereasing use of the more radlaticn-resistant n or p high
resistivity silicon solar cells in the construction of salellite solar cell
power suoply systems, 2 third series of experimnté ware perfozmeé. in Mey 196k
gt the Censeral Atomle linear elackron accelerator facilities. The obJjectives
of this third sexies of experiments wers: (1) to obtain statistically
significant and accurate data on the energy dependence of electron radiation

A-5=1
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3emage, (2) to determine the effect of veslstivity on the demsge vete and
energy dependence, and (3) to obtain sdded specimens and informsticn for
further mnalyals of the energy levels and defect mechanisms yegponsible
for elechron radistion dauwege in silicon. The purpose of this paper is
the prezentation of the resulis of these experimepnts. The aext sectlorn
describes the conduct of the experiments; Section IIT presents the resulis
and anelysis of the data, and Section IV preserts the vonclusions vaszad on

the dats obtalned in this series ¢f experiments.

Deseription of Experiments

In this section a description of the expe:éiments snd experimental
technigues will be presented. Subjects to be coversd inclnde the description
of the test specimens, the measurements pecformed before, durlng, and after
the zxperiments, the beam dilagnostics used to Jdetermine the radistion
environment, and the techniquee used to apalyzc the data and determine tie

energy dependence of the damege charscberigtics.

Test Svecimens

The test specimens consisted of both p on n and n on p silicon solar
cells and bulk n-type and p~type silicon materi~l., The p on n gilicon
solar cells used in this experiment were commercisl,. off-the-shelf Koffm#n
0.2 to 2.0 ohn~cm cells of mowinal 9 per centv efficiency. These cells are
from the =ssze lot of celis that were used in the previcus two high energy
electron e@erMnts and, hence, sarve as s comparlison with previous ex-
nerients., The n on p silicon solar cells were spesniaily consbtructed devices
in whick base maberlsl resistivity wes controlied snd selected to within
Pivs or winug 5 per cent for the reducilon of date scattering due to variations
sbout nominal resistivit&. The resistivities vere actually messured after
the Fipal diffusion prior o the application of contacts, The reslstivities
used for the n on p cells were 1.3, 3.3, &nd 10.6 ohm-cm. In addition,
some 21 ohm~cl n on p silizon sclex cel.}.:s-were tested at 1 Mev but weres ot
avallable for the higher entrgy experiments. Seversal n on p 1.2 ohmwcm _

A-5-2
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Western Electric cells from the same lot used in the previous experimernts
were included in the experiments for compsrison wilk previous data spd elso
for couwparison with the 1.3 ohm-cm © on p Hoffman 3olar cells.

In addition itc the solar cells, 150 chm-cm p-type and 100 ohm-cum n-type
silicon were included. These specimens were pre~cut to the conventicunal six
srm bridgs configuration for sost-irradiation messurements of Hell effects.
Thege measurements of Ball effects, in addition to meassurements of diffusion
iength versus temperature on the solar cell specimens, are anslyzed tc obtain
informabion on the energy levels and defect mechanisms induced as a fuoction

of electron energy.
Measurements

A large wwmber of messurements were performed on all specimens prior
to, during, and sfter the Irradiations. Some measurements were performed
during the actual conduction of the irradiation at the linac site. Other
messurerents, such a8 minorlty cerrier diffueion lengths and Hall effecits,
which could not be conducted at the linac site were performed at the STL
leboratories immediately after cowpletion of the irradiations. The complete
serjea of measuremente wili be described in this section.

Mincrity carrier diffusior lengtns were meesured on sach golar cell
before and after irradistion. These measurements were obtained using the
STL 1 Mev Ven de Graaff, This technique for diffusion length measurement
hes been described in the literature3 and consists of relating the observed
steady state short circult current prodéuced with lonlzing rsdiation to the
minority carrier diffusion length of the bulk meterial. Minority carvier
1ifetixe can be oblalned from this messurement uéing the diffusiou coefficient,
D, of the carrisers in the materlal of inkerest. With these diffusion
ongih measurements, & commonly used damage coustaant, known ss a K value,
is obteined with the following equation:

'}“::l,+ by {1
7 -1-:073 Kg (1}
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vhich reduces to

K = - 1 (2)

et
o
1
ol

The principal requivement for this K vsiue to be meaningful is ihat a log-log
plet of diffusion length versus integrated fiux exhibit a »1/2 siope. 1if
this condition is nct met, then different K velues willl be obtalned on auy
giver. cell depending upon the integrated flux chosen to calculase the X value.
Therefore, preliminary experiments are always conducted with the 1 Mev STL
Yan de 3Fraaff on & glven lot of cells hefore pervormirg an cff-glte experiment
to insurs that the cells follow these cnaracterisiic degradation equations

basad on simple displacement theory.

Mirority carrier diffusion lengths were also messured lvdirectly at the
linac site through the estublished relation hetween short circult current and
minority carrier diffusion length for & given lot of cells. This relsticaship
between short circuit curzent and minority carrier diffusion length Is
establisked for awy given lot of cells with tue 1 Mev Van de Sraaff before
proceeding to sn off-the-site experiment. Minority carrier diffusion loigen
vaiues cbtained with this indirect btechnique ave then compared witu minority
carrier diffusion lengths measured directly efter the completion of the
experimenrts. Iun addition, slli cells irradiasted at the higher electron
energles are checked for injection level dependence of the minority carrier
diffusion lengtn over a range extending from spproximetely one~sun illumination
down to the llmite imposed by minimm Van de Grasff beam currents and signal-
tc-noise leveld. This injection level range covers approximstely six crders
of magnitude., Although it is predicfed by Hall, Shockley-Read recrabiasation
statistics that minority carrier iifetime, and hence mincyity carrier diffusion
length, muet exnibit injection level dependence, the injection level region
in vhich this dependence occurs is importent in the analysie of the datva o
Ingure that meassurements made at different in:}ectﬁ.on levels be ccmpurable,
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-V characteristics were obtsilned oa all solar cells with a 28009K
vafiltered turgsten illuminatlon source. The approximate sunlight equivaient
intensity of this iliuminstion source 1s 110 to 130 mv/e 2. Due to the
differences hetween the spectral conbent of solar {llumination and 2800°K
tungsten illumination and the spectral differencers in various types and
mexmufacturers' soler celle, 1t is nct possible to amsintsin constent absoluie
intensity on the light table snd 2t the sare time specify constant suniight
equivalent illuminatiop. Therefore, this illumination source is absclutely
calibreted avd this alibraticn bas been maintained cover the last four years
for purposes of compearing daba on s large number of different ...periments.
As & resuldk, the actual sunlight ecuivalent Intensity wlll vary bziveen
different types of celle depending upon bheir initial diffusion lengths
and surface characteristics., The choice of the 250C°K tungsten illuminaticn
ie tased ou 1tz ease of reproducibility and maintenance over s long period
of time and the fact that it amplifles the base region diffusion limited
portion of the solar cell ocutput whileh is most directly adfected by charged
particle irradiation, end miniwmizes differences due o vari&tions in surface
characteristics due to the leck of short wavelength ensrgy in the tungsten
spechrum. Although no solar illumination reasuremenss were obtained on these
cells, previcus messurements obtained in a large number of experiments allow
reascnsble vredictions cof performsnce under solar illuminetion based on the
tungster illuminetion dats.

From the I-V characteristics which are obtained after each indlvidual

radiation exposure, plots of short circuit current density, Js versus

‘C’
integrated electron flux &ve obtained, These shert circult current densities
are expressed in terms of ma/'cm""' for a 90 psr cent active area device. Hence,
devices with different grid structures than those of the standard device with
& 1L mm wide collector striy sunning bthe long sdge of the cell are noramlized
%0 this configuration. Ones again, this normeiization to a stundard device
i pecessary in order to perform meaningful compsrisons of daba on different

tvpes of cells irradiasted over the years in different experiments. For example,
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shord cirecult current dengity in terms of ma/cm? for 2 1 x 2 cm cell with
the collector gtrip located along the length of the cell would be obtatlaed
by slmply dividing the shgerved short circuit current by s factor of two,
whereas shovt civeuit current density for a cell with the colliector strip
loceted along the short sdge would e obtained by dividing the observed short
circult current by & factor of 2.11. The I~V curves are also used to obtain
degradetions of cpen circcuit voltege and maximum power output as g function

of integrated flux.

In order to obtaln a damege constant from the plots of short circuit
surrent degradation versus integrated flur for comparison with XK vaiues and
tor determination of enerzy dependence, a value xnown as the critical flux
is determined. Critical flux was defined seversl years ago as integraied
flux required to reduce the short cireuift eurrent 25 per cent. This amounted
to a reduction in short circult cwrrent under 2800°K tungsten illwnination
“rom 25 ma/cm? initial to 19 majcm? for a cell with a mincority cerrier diffusion
length of 100 microns wander an illuminstion of approximately 110 mw/cm? sunlight
equivalent. During the past few years, nowever, typlcal minority carrier
diffusion lengths have heen observed to range from 175 microns to 22% microns.
Since the normal condition is for the mincrity carrier diffusion lenghbhks to
degresde to equal values independent of original values for a given resiptivity
snd typz of maverisl, the definition of criiical flux as irtegrated fiux required
to produce a short circuit current of 19 mafcm? has been reteined, even though
it now represents more than 25 per cent degradation under tungstew illumination
for current state-of-the-art scler celis. This approsch allows meaningful
comparison of dste obtained on current state-of-the~-art devices and date
previcusly obbained over the past seversel years where original cutput charact.
eristicas were somevwhat lower Jue to lower winority carrier diffusion lengshs.
Since K in Eq. {2) is inversely proportionsl to integrasted flux, the ieciprocal
of the crlticel flux is plotied versus energy for 2omparison with X values. As
In the case previcusly discussed with minority carrier diffusion length
measurements, specimens frow each individual ot of cells are irradiated with
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1 M¥ev elecirons prior to any off-the-site irradistions to Insuve ithat the
siope of the short circuih current degradation chargeteristic follows the
6.25 na,-’cm‘n-decaﬁe slope characteristic of normel solar cells illuminated
under ihese conditions.

After completion of the series of experiments at the linasc alte, further
measurements were performed in the ilsboralory to delineate the epergy levels
responsible for the obeerved degradations. Hall effects measvremenis on the
p-type end n-type specimens asre performed on specimens irradiasted st 2ach
energy at several Iintegrated flures to delteimine the ernerpy levels responsible
for majority carrier trepping. In addition, minority carriey diffusion length
versus temperasture measurepents are obtalned using the Van de Graaff to
illuminate & solar nell placed In a cryostst. From these data, dependence
of minority carrier lifetine on temperature is obtained. This technigue has
the adventage cver direct mesasurements of minority carrier lifetime with

wlsed techniques in that the effects of trapning levels are removed due to
the steady state conditicns of the measurement as opposed to the conventional
transiert techriques for measuring minorlty carrier lifetime. These dats
are then analyzed usivng Hell, Shockley-Read statisbics in an effort to it
the opservad slopes with the particular energy level resporsible for minority

carrier recombination.

Dosimetry

In order to obtaln quantitative, accurate data, particulsr attention
was given to measurements cf beenr energy, distritution; cod iantensivy.
Zlectron becm energy was determined bty Genersl Atomic porsomel with s
calibrated steering magnet. This megnet hoed been previcusly calibrated
through 8 series of r .ge #nergy rclationships to within plus or minus
2 per zent. Maomet current wae cupplied by a regulated power aupply insuring
& congtent magu fizld through the steerirg negnet. Any apprecisble
drift or change in besm energy due io operating characteristics of the
accelerator would reault in loss of beam st the port where the experimentel
spparatus wag located. OCorrections weve sppiied for energy loss of the
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beam in treversipg the exi® port windov and sir iu the deteramination of the

enevgy incident vpor the Lest specimesns.

Bean spresding vas accomplished with guadripole focusing megoets and
air scabtering 4o preduce & besm apet iarge enough Lo accommedsiie the test
apecimens. Polarcid film was used to determine beam position and distrivution
cver the beam ecez and to position the test gpecimens. The Folsroid film wvas
used s & coarse indicater of bear &isiribubicn, and scliar cell degradation as
a function of resition vas used ag8 & more accurete determination of beam
dilstribucion. The guadripole megrets were driven vwith regulabed power
gupplies and found o Le quite st&ble. Due to the swall diameter of the
accelerator deift tunes, however, there was & practical limit to the maximum
bean spot si1ze that could be produced ia the drift tubes. ‘fo cbisin further
defocusing, the experimentel spparatus was located a sufficient distance
frem the exit port -wind«:w te wske advantage of smell angle air scattering
for further improvement in beem size ang distribulion. Particular distances
between the experimeantal epparshus snd tbe- besm exit port windew were determiced
Ly the energy of tbe beam snd ranged from giy icches to three feet. In all of
the experiments the beam ares 2xceeded 25 cm? a¢ half of the pesk intensity.
{nly the center & cn” of the tobal beam was used for sampie irrsdiastion

wherelp intensity gradients were less thar 5 per cent.

Flectron intensity was woritored with a Faraday cnp of sonventional
design. The inuer sensing champer was coustructed of copper SO Mev thick ard
vag mounied In a larger evacualed chamber which was fore pumped and trapped

1o 8 prescure of lenss than 10“3 Torr. 'The tottom or bargel, area ¢f the
] o

Farsdey cup contained a 4 Mev thick aluminer plate to redune the back-scuttered

electron componen®t to a minimum., In addition, s copper back-scabter shield

was utilized to reduce the back scailter solid angle a factor of ten., AGditional
back scatter contrsl sag exeraised through the sppriication of grid bias

directly &bove the sntrance aperture to vhe Ilnner sensing cheamber. Applinstion

of grid voltage from ~430 to 00 volts indicated that tne low enerpy back-
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scattersd component had teen vedused to less than 2 ver sent and further

that forward scatitering from the C.00% inch alumimw vacoum window of the
Faraday cuy vas less than 1 per ceont. Cfaloulsations of tioe high ensryy back-
gooboer coumpeonent for the geomedry and waterials used here indicate an

error of less tham L per cewt ror this component. An estimate of the over-all
accuracy of the Faradsy cvp i3 s maximusm error of less thexn 5 per cent.
Somparisons ¢f bean current with syparatus ntilized by General Atomic personnel
vere in asgreemernt Lo withir bebier than 3 per cesnt. Tre oubput of the

Faradqy cup wss fed directly to en integrsting ampiifier systen vbich measured
both current and integrated charge to an accursicy of 1 per cent. This iype

of iustrument is 1deal for accepting nigh impedance inpuss such as Faraday
cups since it presents essentlslly zero input impedance to the Furadsy oup

and gliminstes errors duve te leakage currents.

Experimenta)l Technigues

The test specimeus were mounmbed in the cen<ral & cm?' ares on thin
alumirornm plates. Thesz plates in burn were piaced in & jig indered directly
in freuh of the Paradsy cup, and integrated {lux weasuremxnts were obisined
similtaneously with the irradiation of the test specimens. Eacl. group of
specimens sas exposed to a predetesmined integrated flux end removed For
rost-irvadintion uweasuresents, then re~ingserved in the besmn for f.rther
irradiations, Whet a su:i‘fiéient rpuoer of irvagistions nad t<en perforsed
to define a straight line function of the degradstion of the shori circuit
current with the logsrithm of the integrated flux, the specimens were remcved
and stored for later post-irradiation messurements. A mitimua of four
gpecimens of eeach individusl type was tested sl each energy in an albernating
sequence such that if serious sccelerator or equipment cheyges occurred, the
dats would exhidit corresponding deviations. In the event devistions ar
unexpeehed behavior otonrred, machine charscteristics wnvld be exsmined
ané, il necessary, an sdeguaie mumber of additional welis would be tested
to determine if the deviation were machlne-produced ¢r were causad by

deviations in the test specinmens themselves, such as devietions in reslsbivity.



Beam gligrment and distribution were contimuously checked thronghour
each serics Of experiments &b apy given suargy vy Folercid film. w addition,

heam epsrgy measmrenents verz performed ubtilicing the celidbrated steering

Tre-irradiatios Experinents

is genitionel ip previcus seclions, . compleis essries of 1 Mav alecivon
ragistvion degradaticns were perfermed on cample cells fyom sgach 1ot -

ceils prepared for ihe high eneryy experiments. The purpese of tiess

s

irradiztions was twofcid: f1} to acquire degradation cherecteristiss in the

erergy cange from 0.4 1o 1.0 Mev for eszch particular grour of celis and
2} Yo guelify ibe groups of cells as to lipearity and slope of both the
ghort circual current and minority cacrier diffusion leagth degralation
characteristics. The experimentsl conditions ubilized on the 1 Mev STL

Ver. Ge Graaff experimendt sre much simpler than those required at the hipher
3, B
energies aud further ave deserived in detail elsewbsre™. Iu essence, the

accuracy with which bemr epergy, distridbetiong, and intensity can be determined

u

ith this mechine is belter than pius or minus 2 per cenbl. ¥or these reasons
nad also Tecnuss of the ready aveliability of this mechine for further
calibrations acd checks sz reguired, all davwa are normslized and analyzed

G L Mev daha where necessavry or desirsble.

(s

fxperiserial Resulis

Separate linac expeviments were condueted at four enewrgies: 0.0 Mev,
6.4 ¥ev, 6.4 Mev, and 2.7 Mev. Incladed with these data and experimentsd
sults acre sdditional data obhaizned on the STL Van de Graaff at 1.0 Mev,
0.6 Mev, ana 2.4 Mev, The resulting electrcon suergy dependence of the
redietion dumage iy éetermined by utilizing both ¥ valvss and reciprocal
critical fluxes. "The X values were gbuaized from diffusicn length messurements
with the Van de Graaff accelerator and with the calibrated light scvrce

The veziprocsl critical finx determinstions wers scquirad from short cireuit
q
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surrens degradastion charscteristics. In addition, severesl enevgy leveis
were chhalved foom both resictivity dependence of the radizticon dsaege

-

snd Rall «Tfects meseurements ok Wik silicon. Additional measuvements of
wiaority cader SifTusion length devendence on texmperature are currently
underwsy, bul these experimenis and the subseouent data apulysis are not
oompleted at the time of the writing of this paper and, thercfore, are not
included here dut will be cossidered in detall in future regorts. Tohe
remginder of this secticn will be devobed to the presentation of the

experimental dets and the resulis of toe subseguent dats anmiysis,

Degradation of Solar Csiix Cuiput Claracicristics

The ipclusion of all the raw date obtained iu this sories of experiments
is beyond the acope of this pager; however, thege data will te yresented
in & later NASA Reypori, Coatrac HA55-3805, under vwhich tals work was
spuniored. Typical dats plots will be jnclwded, however, to illustrate the

type of data obtained and ihe fechnigues ubtilized in their aneiysis. Yhe

Fingl results of the aspalyses o these dels are summsarized in Tenle I. Included

in Tahle I sre the values of crivical flux, reciproes: critical fluxes, and
¥ values for esch cz2ll type st each energy stuaied. It iy from these data

that suvseguent plots of damage coefficients versus 2pergy were opitained.

Showr: in Figure 1 ave typlesl diffusicn iength degradation curves &S &
Tunction of slectros integiated filax at 1.0 Mev for several types of cells.
Tt should be ncted that the dets zoints 1t the -1/2 slcpe, shown as 2 golid
line, gquite accurately resulting in a meaningful ¥ value iz the :}_ualificati(mr
of these cells Lo simpie displacement thecry as given by Hqs, {1) snd (2) in
the previous section. Figure 2 presentc a Lypical I-V characteristic versus
integrated electron flux st 16.4 Mev., This figure is typical of the sctual
rav deta ovialped at the linac site arnd is the sovrze of subsequent plots of

short clicait current density (J_

\ N : .q " Y . FOP—
o/ open clretit voltage (\gc }, and maximm
power outpuh {P, } varsus integrated elszchron flux. Shown in Figur.*_e 3 ia a

typicai nlot of .3'3‘“ Jegradatlon versus integrated flox for <ells irradistz=d
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with 2.7 Mev electrons. Hote that a minimum of Pour celis and sometimes

1% celle of each given type are sbhown on the curve. The ascatter umong

each individual group of cells is typlcelly less than plus or minus 2 per
cent. A standsrd siope of 5.25 ma/cnf-decade fits &ll the dats guite well.
The degraGetion siope under egulvalent sun illuminstion would be approximetely
A ;w;’cmg—decaﬂ.e for 1 x & cm'? cells hsving an active ares of 1.8 cn{z.

The §c values shown in Table [ are the integrated fluxes required tc produce
a Jéc of 19 m&/cmg on plnts of this type. A shift in c2ll type or energy
simply represents & lateral snifc of the characteristis slope as shown in

The initial

Figure 3 to the spvropriste § e
" o
Jsc velues for these cells lie in the 27 %o 29 me/er™ range with corresponding

value irdicated in Table T.

oo

initial minority carrier diffusion lengths in the 175 to 225 micron range.

Shown in Figure & and Figure 5 are plots of K versus E and § R 1 versus
B for the p ‘on n cells tested in this series of expsriments. Alego shovn in
these figures are some data obtalned iuv a previcus series of experimerts. The
80lid line shown in Figure b is identicsl to the solid line shown in Figure §
and is determired by a best fit to poth the X values and tue étc"‘l valves,
The dashed line shown in Figures 4 and © represents predictions
pased on zlessicel Coulambd scatlering and simple dizpliacemernt theory. As
is obseﬁei, tae £LL of the experivental data with the predicted emergy

15 is dnteresting to rote that the high

dependence is reasonanly good.
erergy tail cbserved in nrevious experiments is not evidenced here and was,
therefore, most probably due to date scsttering through reslstivity variances

or undetected shift in mechine charscterigtics . in the previous experiment.

Figures & and T skow the esergy dependence -of the K values and the
§C“i’ values Tor the n on p silicon solar cells tested. The solid lines
dravn through the dnia points are identical in both figures in shipe &s well
as separation. ‘The good it of the sets df’ liues to the 4dsts indicates
agreement in the encergy dependence 82 vhialned by K valuss with that obtained
by §c“}‘ valves. TFurther, each lipe in the set cf lines is parslisl to

each other, lundiceblng that the snergy dependence of the degradation of

A-Gml?
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silicon soler cell characterisitics ia independent of base msherisl resistivity
in this energy reoge. Shown in both Figures © and 7 at 16.4 Mev are desa on
the older Western Electric cells of the type used in previous experiments.
These cells nave a resistivity of 1.2 olm-cm, and therefore are compeiable
with the 1.3 ohm-cnn Hoffman calls. The X values indicate essentislly
identicel values confirming that reprodveibility is obtaiustie with meterials
from éifferent sources processed at different times by different mamufacturers.

L.
values,

The egreement is not quite as good in Flgwe T on the basis of @c'
but this 1z anticipated on the bpasis that marufecturing techniques are
contimwoously iwproving surface characteristics and over-all colleciion
efficiencies which in turn affect the §_ ™" values. The dashed curve shown

in Figures 6 and 7 indicates the predicted energy dependence based on
relativistic Coulomb scattering and simple displacement thecry. A4As evidenced
in previous experiments, n on p cells and, hence, p~type silicon depart
radically from this relationship since damsge rates at 40.0 Mev are
approximstely & factor of 30 greater than those observed at 1.C Mev as

opposed tc a facter of three ss predicted by theory.

In ell the X velues presented in the previous figuves, measurements of
the dependence of the minority carriler diffusion length on injection lavel
ware performed. No injection level dependences of consequence were observed
in the carrier density rangs covered In these sxperiments, 1l.e., from one
sun. illuwmination level to spproximately 10"6 sun illumingbion levei. It iz
anticipated, however, that measurements at higher injection levels would
indeed Indicate injection level dependences as predicted by Hall, Shockley-
Read recombinstion theory; however, the geomebtry and characteristics of
these solar cells ave g.ich that eppreciably higher injection levels cannot
readily be obtained.

The typically observed degradation in Voc ag & {unchticn of Integrated
slectrou flux, material type, and resistivity is shown In Figure 8. Data
aaatter of epproximately 5 to 10 nw Ls ivberent in these detvs since solar
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cell cooling is provided Ly blowing smivient laboratory air over the

specimens, and the tempersture of the emblent air routinely’ varies 4°C %o 5°¢
depending upon ambient heat loads and time of deay. Taere are seversal '
interesting features whizh appesr in these dats. The cbserved degradation
£its a stralght line with a slope of approximstely 40 mv;’decade ressonsbly
well in all cases regardless of cell bype and resistivity. This degradation
rate is comsiderably in excess of that chserved by simply lowering the
llumination level an amount corresponding to short circuit carrent de-
gradation or siidiug the original I-V chacecteristics downward on the

current axis to the appropriate short clreuit current value. The ohserved
sdditioral degradavion in Voc is most likely due %o radiation-induced

changes in the saturation current Ic and pogsibly the constant, A, which
eppears in the exponent of the diode squation. The initisl vaiues of

-"Toc and subsequent absolute values of Voc ag a funection of integrated flux
show the anticipated decrease with increesing resistivity. Nob observed

here, however, are increases in the degradation rate for the nigher resistivity
materiel. Actually, bthis lack of increased degreadatica rate for the higher
resistivities is not surprising xt the exposure levels used for these
experiments. For example, sn exposure of approximately 2 x 5.02‘5 e/em?

at 1.0 Mev would be required to introduce actlve defect concenvraticns squal
o 10 per cenb of the original majority carrier concentraticn in 20 ohm-cm
p~type silicon. BSince defect councentrations of s magnitude or gresater
would be required to produce resistivity incre -=3, and henre sdditionsl
open circui® voltage degredetions, the avbsens. . this sffect in FPigure 8
is expected. Additionsl exposures bheyond 2 x o A3 r.-,"cn{2 stovld result in
an increase in voc degradation rutes for the higher resia A cells but
adequate beam time for these longer exposures was not avsilaole in this

series of experiments,

Figure 9 lllustrates the 2ffect of resistivity on meximum power output
degradation nss & function of integrated flux for s random selection of I~V

chergcteristics. These data were obtained by corveciing the sppropriste I~V

A-5~1k
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charecteristics to equivalent 1.0 Mev integrated fluxes under solar illumination
of approximately one sun intensity using & short clrcult ym'rent degradation
roie of 4.5 ma/ o -»dece.de a8 determined by previous exper,.mnts « A3 observed
in Figure 9, the maximmm power output degradaiion as s functicn of integrated
fivx is noticesbly improved at highér registivities even though the decreased
voltages obtained at higher resistivities detracte from the increased radiation
reeistance of the short circuit current. The lerge amount of scabber evident
in these dats is due 1o the rendom selection of points and is indicetive of
whal mey be antlcipated in the ecuusl design of 30lar cell arrays using lsrge
mimbers of commercially avallasble solar cells.

Radistion Induced Energy levels in Silicon

The Bell, Shockley-Read reccuwbination atatistics predict, for a given
reconbination energy level, the dependence of minority carrier lifetime
degradation on base materisel resistivity. Using diffusion length degradation
data and sppropriate diffusion cecefficients for p~type material resistivities
>f 1.3, 3.3, 10.6, and 21.0 chwm-cm, sn energy level of Ec - Er = Q.17 ev
fits the recombilnation statistics equations quite well ss shown in Figure 10.
Additional measurem:nts of dependence of minority carrier lifetime on
temperature are currently undervway to verify this energy level; however,
sufficient deta are not available &t the time of the preparation of this
paper. The resultlng fit for the 0.1T7 ev level is in agreement with data
previoualy obtained by Werthejmb but is not in asgreement with dats obtained
by B&icharb. Using the defect introductiocn rate of this level me determined
by Hall measurements on u-type sillcon, an electroun capture cross section of
the order of J.O"]'5 c:m22 is obteined which is also in agreement with dots

vepcrted by ‘Jert‘neims « This £it of the 0.1T7 ev level tc the n on p solar
¢ells irradisted as a function of eiectron energy would imply that the

defect introduction rete of this level should exhibit the same energy
dependence ae nreviousiy shown through K vaiues and §c -1 values. However,
Hall measurements on n-type silicon obtained in previous experiments indicate

A~5-15
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thet the defect introduetion rste of this level as a funet:on of electron
gpergy ciosely folluows the theoretdceal predictions of r factor of three

Increase from 1.0 0 40.0 Mev rather than & factor of 30 increase as implied

by the analysis of the deta with Hall, Shockley-Read recombination statistics.
It ie evident, therefore, thot a basic ircounsistency exlsts in the resulis

of the analysis of the dats ss presented here. Since the Hall messurements
¥ield s direct indication of enevgy level, whereas the enalyeis through the

use of Hamll,; Shockiey-Resd recombingtion gtatistics requires assumption cf
single level recombinatlon and empirical curve fitting, the resulte of the
analysis bvesed on reacmbination statistics ore suspect. In addition, resistivity
dependence data were cbvalned only over one order of megnitude wherein far

more confidence would exist in the results if data were obtained cver three or
four orders of magnitude variation in resistivity. Further the assumptioa of
single level recombination may quite easily be an oversimplification cf the
situetion inasmich as meny workers have cbiained data which cannobt be reasonably
fit under the assumpbtion of single level recombination models. In ary event,
considersble additional effort will be required to clarify this existing

inconsistency.

Acquigition of Rall data on the p-type and n-type silicon irradisted
in this series of experiments is not at this time complete. Data scquired to
dete, shown in Figure 11, indicate that the defect introduction rate dependence
of toe Et - EV = 0.3 ev defect level in 150 ohm-cm p~type silicon does not
follow the theoretical predictions. The data shown in the figure indicate
that the defect introduction rate is & Pactor of 10 bigher at 50.0 Mev thar
at 1.0 Mev in dissgreement with theory which predicts approximestely s factor
of three and also in dissgresment with the observed factor of 30 from X and
§;‘l values. IF the acquisition and anslysis of further data support the
erergy dependence as showr in Figure 11, it would imply that this level,
commenly referred to as the divacancy energy level?, does not predominentiy
control the recombination proceas in elther n-type or p-type silicon. Freliminsry
results from the spalysis of the Hall neasurameate on the 100 oha~cnm nQ;[pe
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% silicon, though not yet complete, confirm previous measuremenbsa in previcus
% experiments that the defect iptroduction rate of the 0.17 ev level is

; relatively lnsensitive tc incident elechron energy and appears to follow

é simple displacement theory and relativistic Cowlomb scaitering laws.

%. Sumary and Conelusions

E. The grimary objectives of this series of experiments were: (1) tc obtain
; statistically significant and accurate quantitative date on the energy

%_ dependence of electron radiation demage in silicom, (2) tc determine the

; effect of resistivity on the d=mage rate and ensrgy dependence, and (3)

% to obtain data on the esergy levels and defect mechapisms responsible for

; electron radiation dsmege in silicon. The first two objectives were

? accomplished resuliing in an accurate energy dependence function over the

E practicel range of iaterest from 0.4 Mev to %0.0 Mev. Estimaticon of

& solar cell radiastion & e and subsegquent power supply depradation in space
£ ¥ 12) ]

for n on p cells of any resiebivity can he performed with the results of these

experiments to an accurscy belter than the knowledge of the radimtion
- envircoment in space. ﬂIt was also observed that tne shape of the energy
i dependence curve of electron rediation damege in p-typs silicon is

independent of resistivity ‘and, therefore, the difference in the absolute

damage rates for any energy over the range of resistivities from 1.0 to

21.0 chm-cm can hs pradicted guite accurately. As a result of these findings,

% it will be possible to deo any further testing on n on p seler cells at 1.0

i Mev and extrapoleie the demage cheracteristics to otﬁer gleciron energies.

;~ This technique has severel advaatsges in that the conduct ¢f experiments at

.g' 1.0 Mev is an expedient and economical tesk and, further, the large number.

%é of 1L Mev Van de Graaff accelerators currently in operstirn relative tvo the

%: higher energy linesr avcelerators renders this technique available to a

& large number of orgenizstions.

.§ The practical importence of the observed steep energy dependence for n on p
% solar cells lies in the integretion of bthis cuergy dependence relationship

&
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with the fission beta energy spectrum of the artificial electron radigtion
belt. The result of the rolding of the n on p silicon solar cell energy
dependence with thie fission electron energy spectrum is au increase in the
rredizted demage rate of spproximately a factor of three cver thet predicted
or the basis of the theoretlcal enzrgy dependence &s characterized by p on n
soler ceil response., Though the energy dependence of the more redistion
resistant o on p cells is a such steeper funchion then the ponn 2elis,
extrapolation of the damege rste versus energy chargeterietice indicetes
tnat the n on p cell will remain superlcr to vhe p on n cell in rediation
resistance to =lectron eonergles of beyond i Bev. Hence, even thcugh the

n on p cells suffer more rapidly increasing degradetion under higher energy
electrons than do p on n cells, their ebsolute sensitivity to radlabion will
always remain superior to the p on n cells at any electron energy of practical

interest.

The data obtained on the energy levels responsible for the observed
degradation of minority cerrisr lifelime do not yet form a consistent
picture. The fitv of the Ec - Er = 0,17 ev euergy level to the resigtivity
dependence of the degradation of minorlity carrier lifetime in p-type silicon
is not conaistent with defect introduction rate versus electron energy
measurements obtained through Hall effects in n-type silicon. In addition,
Fall measurements on p-type silicon indicate defect introduction rate
depsndence on electron energy which is different than aither the observed
response of p-type or n-type eilicon minority carrier iifetime degradation
energy dependences, Data acquisition and aralysis are contirnuing in this
ares, and it is hoped that future results will aid ia clerifying the situation.
Once 1t iz possible to pin down the energy levels reaponsible for minorigy
carrier recowbination, it will ve possible to hypothesize models of the
defect structure and subsequently establisn theoretical egquations to explain
the cbeserved enecgy dependences. Although sdequate models and equatiors do
not exlat ah this time, 1t sppears evident that the energy dependence is
not, contrciled by the primery event of the displacement of & silicon avom
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from the lattice site by an ircident high energy electron.. The mechaunism
must, thersfore, be related to either charsacieristics of secondary progeny
displacepent cr motico of the defects to sites vwherein stable defect

co; Ggurations and, hence, active energy levels are formed.
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DISCUSSION

LOFERSKI - BROWN UNIVERSITY: Concerning the lifetime measurements, did
you meke any messurements versus temperature or was it just versus resistivity?

MR, DOWNING: We initiated last Sunday some lifetime measurements versus
temperature, or rather diffusion length versus temperature. The first data
started coming out Monday before I left. Preliminary analysis indicated that
it was going to fit the level 0.1T ev below the conduction band better than it
would fit the other level at 0.19 sbove the valence band.

ADAMS - ESNDIX: At what energies did you go to too high an injection rate
for your bombardment? Did you change the machine?

MR. DOWNING: The General Atomic machine is a Linac, which by nature is a
pulse machine and has a duty cycle of approximetely 1000, So for average
currents of a one-to-ten microamperes you're talking sabout currents of milli-
amperes. At these peak currents we discovered that the cells go into saturation.

QUESTION: At what energy was it that you had to start using the Linac?
MR, DOWNING: From 2.7 up. That would be 2, 6, 16, and 40 Mev. roughly.

The 1 Mev and below points were all obtained on the STL Van Der Graaf, vwhich
is a d-c machine.

A=5-33
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EFFECTS OF IMPURITIES ON RADIATION DAMAGE
OF SILICON SOLAR CELIS

by Joseph Mandelkorn, Lawrence Schwartz, Robert Ulman,
Jacob Broder, and Harold Kautz
Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

and Richard Statler
Naval Research Laboratory

The effects of some lmpurities on the radiation damage of silicon
solar cells are described in reference 1. The study ofl radiation damage
behavior of modified boron-doped cells led to the conclusion that boron
atoms in silicon participate in th: creation of recombination centers./

f To substantiate this conclusion, gadolinium atoms were substituted
for boron atoms in the base region of n-on-p solar cells.||Figure 1
shows plots of minority~carrier diffusion-length variation as a func-
tion of 1 Mev electron flux for gadolinium~doped cells.{ The plot for
50-ohm-cm cells appears to be composed of three distinct regions. The
central régign of the plot in the dose range 4x1015 to 1.5X106 1 Mev
electrons/cm® has a slope of zero. Vacancies are definitely being gen-
erated in the cell materigsl in ‘this dose range. Yet, there is no measur-.
able change in base region diffusion length or in cell short-circuit cur-
rents. The other two regions of the plot differ from each other as well
a8 from the central region in slope. It 1s emphasized that for plots of
the type shown only the general shape and the values of diffusion length
measured for specific doses are significant. The slopes between mea-
sured points have been zssigned arbitrarily. The general shape of the
plots suggests that the rate of introduction of damage is a function of\
bombardment dose as well as Impurity content.

The plot for the l8-chm~cm cells has the same three-region appear-
ance ag that for the 50-ohm-cm cells. The central region has a small
negative slope, hovever. At & dose of 1.2<105 1-Mev electrons/cm?, the
diffusion length preserved in the 18-ohm~cm cells was higher than that
in the 50-ohm~-cm cells. This situation is not unusual. The gadolinium
used to dcpe the 50~-ohm-cin cell material was of lower purity than that
used to dope the 18-ohm-cm cell material., Electrically inactive impuri-
ties arf known to affect the formation of recombination centers in
silicon™. The density ¢f recombination centers in high~-resistivity
base material solar celis is strongly influenced by the concentration
of electrically 1na.ct1v§ impurities in the dose range that includes
1015 1Mev electrons/cm » For higher dose ranges, the concentration
of electrically active impurity, gadolinium in this case, dominates

A-6-1
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recombination center formation. Thus the 50-ohm-cm cells p;z‘eserve longer
diffusion lengths for doses above 4X1015 1-Mev electrons/cm‘.

Figure 2 shows the effects of bombardment on diffusion lengths of
130~ and l2-ohm-cm indium-doped cells. Again the plots have a three-
r>gion appearance. The values of diffusion length preserved in the
130-ohm-cn cells far exceed those of the l2-ohm-cm cells for any specific
bombardment dose. This is similar to the comparative (amage behavior of
10~ and 100-ohm-cm boron-doped cells.l The values of diffusion length
preserved in the 130~ and 1l2-ohm~cm indium-doped cells are, however, lower
than those preserved in 100- &and 10-ohm-cm boron-doped cells, respectivel..
‘As will be discussed, there is a dependency of rate of formation of re-
combination centers on the specific electrically active impurity element
as well as on its concentration.

Although not shown, the bombardment-damesge behavior of 5~ and
l12~chm~cm gallium-doped cells results in similar three-region plots.
Analysis of the plots for the various types of cells indicates that the
slope of the central region increases with increasing concentration of
electrically active impurity. A study is undervay to obtain data on
the behavior of bombarded 50-ohm-cm cells containing various dopants.

It 18 expected that the completely flat region observed in the 50-ohm-cm
gadolinium plot of figure 1 will not occur for 50-ohm-cm boron-doped
cells, whereas 50-ohm-cm aluminum-doped cells are expected to surpass
the performance ¢/ she 50-chm-cm gadolinium cells.

Figure 3 contains a formula expressing a hitherto accepted rela-
tion between the diffusion length L retained in a bombarded semi-
conductor material and the total flux ¢ of atomic particles. The
damage constant K contains the various factors that determine the be-
havior of the sample material in 1ts specific environment. Figure 3
also shows plots of diffusion length versus bombardment flux for a
number of high-resistivity cell types. It is evident that none of the
plots conform with the formula. This lack of conformity was first
noted for high-resistivity boron-doped cells.l The 20-chm-cm boron-
doped cell plot is shown as & straight line. However, the extreme left
of figure 3 also shows that values of diffusion length for high-
resistivity boron-doped cells show appreciable scatter at a dose of
1015 1.Mev electrons/cm?. The slope of any high-resistivity-cell plot
is strongly dependent on electrically inactive i ty content in the
dose range extending to 5X1015 1-Mev electrons/cmé. The concentrations
of electrically inactive impurities vary with purity of dopant source,
material growth processes, section of silicon ingot from which the
vafer was cut, and cell fabrication processes. Valid comparison of the
effects of electrically cctiveoiuoxfgnties on radiation damage can be
made only at doses exceeding 5XL l-Mev electrons/cmz. In this dose
range, the superiority of aluminum-doped cells is evident from the plots
shown.
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The variasbility between types of cells is a result of impurities
rather than the inconsistency of measurements as shown ‘n Table I.

TABLE I. - UNIFORMITY OF POST BOMBARDMENT DIFFUSION
LENGTHS OF LEWIS CELLS

[1 Mev electron bombardment. ]

Cell Dose, efcm®
1.2a0%8 | 4.8x1015 | 1.5x2016 | 4.1a018
Diffusion length L, u
822-3-8 83 36 29 18.4
9 83 36 29 18.5
10 78.5 36 20 18.9
1 80 37 29.5 18.7
b14-32-1| 45.5 19.7 18.5 14. 3
2| 45.5 19.9 18,2 14.3
3| 44.5 20.4 18.1 14.0
4| 43 19.8 8.1 14.0
6| 44.5 19.7 | 1w3 1 139
7| 45.4 19.7 . 3&s . 13,9

8] 30-ohm-cm indium-doped.
bl7-ohm;—cm aluminum-doped.

Materials and processes were rigidly controlled for the cells shown. The
result is good uniformity of diffusion lengths obtained for each type of
cell throughout an entire series of bombardments.

Figure 4 presents further data on the two types of cells considered
in table I. The cells were bombarded and their diffusicn lengths mea-
sured at the Bell Telephone Laboratories (BTL).

A definite decrease in the rate of introduction of recnmbination
centers occurs for both the 130-ochm c¢m indium and the l7-chm-cm
aluminum cells in the dose es 2104 to 8x1014, and 3101 to

. 2AQ0L6 1-Mev electrons/cm®, The fluxes at which diffusion lengths
vere measured at BT were slightly lower than those for which values of
diffusion lengths were shown in previous figuyes. The values of dif-
fusion length determined from extrapolation of the points shown in fig-
ure 4 are in very good asgreement with the data presented earlier in this
report. The change in slope of the plots in the dose range 3x1015 to
1.2x1046 would_appear more pronounced 1¢ the plots had included measured
values at 41016 1-Mev electrops/cm®.
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The plots closest to the bottom of figure 4 illustrate bombardment
tehavior of l-ohm-cm cells. Two groups of cells having different values
of unbomberded diffusion lengths are compared. After bombardment to a
small dose of 1014 l.Mev electrons/cm?, the dlfferences in diffusicn
lengths preserved in each group are insignificant.

Unlike l-ohm~cm cell behavior, high-resistivity cells, which have
longer values of original diffusion length, preserve theig superiority
to bombardmen*t doses greater than 1015 1-Mev electrons/ﬂm . Longer
original diff-sion lengths in high-resistivity cells r.e indicative of
low concentrations of electrically inactive impurit® s in the base reg.on
of such cells. Consequently, the rate of introduc’.on of recombinatica
centers is slower in such cells even at doses the . are equivalent to
those that cells could experience after a year or more in the Van Allien
belt. The preservation of long diffusicn lengths in fabricated high-
resistivity cells is therefore of significance in obtaining high-
radiation-damage resistance in practical application-.

From analysis of the characteristics -f modified cells, we find
that impurities influence diffusion-~length degradation, carrier removal
rute, open-circult voltage, and junction characteristics of cells. It
is, therefore, impossible to predict characteristics of cells from mere
knowledge of the resistivity of the base material. We are advancing
the following concepts to explain our observation:

(1) Bombardment-generated vacancies are mobile at room temperature.

(2) Mobile vacancies may be captured by impurity atoms or other
vacancies, forming ilmpurity-vacancy or vacancy-vacancy configurations.

(3) Specific configurations so formed can have trapping-center or
recombination-center behavior.

(4) The terminology for the variables involved in formation of con-
figurations involving capture of mobile vacancies can be patterned in a
fashion similar to carrier capture terminology. Equations showing the
relations of variables will also be similar to those for carrier capture.
Variables are

(a) Bpecific impurity element, its electronic state and con-
centration in the lattice

(b) Concentration of generated mcbile vacancies
(¢) Localized lattice imperfectious
(5) Types of configurations:

(a) Impurity-single vacancy, impurity-multiple vacancy, and
vacancy-vacancy clusters can occur.
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(b) The concentration of compound vacancy configurations is sig-
nificantly determined Ly the density of generated mobile
vacancles as well as the variables previously considered.

(¢) When compound vacancy configurations exist becese of in-
stantaneous local generation of high d.asities of mobile
vecancies, redistribution occurs with time &t room tem-
peratures.

Based on these concepts 1t is possible to explain impurity effects on
junetion characteristics,l changes in damage-introduction rate with
bombarding-particle energy and with bombardment dose, differences between
proton and electron damege initroduction, and room-temperature annealing
of proton-bombarded cells. Further data establishing the validity of
these concepts and information on the behavior of high-resistivity solar
cells under proton bombardment will be published in an NASA report.

The study of impurity effects has led %o the design and fabrication
of improved cells. With regard to the preservation of diffusion length
in the base region of solar cells after bombardment, the optimum base-
region material should contain the minimum achievable concentration of
electrically active impurity. However, the power output of the solar
cell depends upou base-region parasitic resistance as well as upon base-
region diffusion length. Base parasitic resistance increases with do-
creasing electrically active impurity concentration. Furthermore, the
open-circult voltage of cells decreases with decreasing electrically
active impurity concentration, while the temperature coefficlent of
povwer output increases.” TFrom investigation of these effects, we have
concluded that the optimum concentrations of electrically active impurity
in solar-cell material correspond to material resistivities in the 10- to
20-vnm-cm range. In the past year, more than two hundred 10- to 20-chm-cm
solar cells have been fabricated and analyzed at the Lewis Research Center.
As a result of this effort, the following important advantages stemming
from use of 10- to 20-ohm~cm siiicon for solar cells have become apparenc:

Application advantages:

(1) Extremely shallow junction cells with very good junction char-
acteristics have been made with excellent ylelds by using 10-ohm-om-
silicon.

(2) Cells as made in (1) had better curve power factors, much
higher short and long wavelength response, and higher efficiencies than
l-ohm-cm cells.

(3) Considerably higher long wavelength response and higher effi-

ciencies are preserved in bombarded 10-ohm-cm cells as compared with
l-ohm-cm cells.

A6-5
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(4) The 10-ohm-cm cell degradation with temperature is such that
the 10-ohm-cm cell is still superior to the l-cm cell at temperatures
up to 100° C.

Production edvantages:

(1) Msterisl relection is low. Originel minority carrier lifetime
in 10-ohmwcm material exceeds that preserved after subjectins the mate-
rial to diffusion processing. This is usually not true for l-ohm-cm
material.

(2) Distributions of characteristics of 10-ohm-cm cells sre tighter
because of the superior properties of 10-ohm-cm material and because ot
the better and controllable Junction characteristics attainable by using
10-ohm~cem material.

(3) Specia. low~cost super blue coatings can be applied to the
10-ohm~-cm cell.

The benefits to be realized from use of the 10- to 20-ohm-cm material
and the characteristics of 10- to 20-ohm-cm cells Jjustify application
of such cells at temperatures up to 100° C in nonradistion environments.
In a radistion environment, the efficlencies preserved in 10- to
20-ohm-cm cells are sufficiently higher than those of l-ohm-cm cells

8o that the 10- t- 20-ohm-cm cell (hereafter referred to as 10-ohm~cm
cel%) 15 definitely superior to the l-ohm-cm cell in power output at
100% C.

Since the specific impurity element added to the silicon material
to reduce its resistivity to the 10- to 20~-ohm-cm range will influence
all the characteristics of the cell, we have investigated the use of
aluminum, indium, gallium, or boron for doping silicon in this resis-
tivilr range. The results show that aluminum is the most desirable
impurity element.l

Approximately 50 aluminum-doped l7-chmecw cells have been fabri-
cated. A specifigcation for the characteristics of such ceils is shown
in table IIL.

TABLE II. ~ CHARACTERISTICS OF SUPER ELUE 10-0OHM-CM CELL

[Application: For power supplies exposed to atomic radiation. ]

Im, 62"65 % Thichle.‘, 0- ma - 00 020 ino
Area, 1.8 cm "n" value, <@

Pouts 2¢ MW min.® Ir, max, 20 pA for 0.6 V bias
Efficiency, 9.5% min.2 Ry, 0.25 -~ 0.4 ohm

CPF, 70% L, 150 - 200

I0. 4-0.6, 26 mAP Coating, super blue

9, ¢-0. 8, 408 Dopont, sluminvm

Isc Tecests 0-53 %/°C

%0uter space equivalent
, 4-0, 8, outer space current for 0.4 - C.6 u region of solar

spectrum. A-6-6
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The cells are made by a standard diffusion proce355 at temperatures of
approximately 800° C. The sheet resistance of the diffused layer must
be kept at or below 200 ohm/square, and this determines the diffusion
times, which are approximately 3C minutes. Ten grid fingers on the top
surface of the cell permit attainment of curve power factors of 70 per-
cent for the maximum value of sheet resistance cited. Experiments have
revealed that the equivaleri outer-space currents of these cells are not
appreciably decreased for a base-region thickness of 0.008 inch. The
thicknesses of the cells cen therefore range from 0.008 to 0.020 inch
depending on application r«guirements. Minority carrier diffusion
lengths of 200 microns are ohtalnable in fabricated celli. of this type
with the optimized low-temperature diffusion process used. The low-
temperature short-time diffusions also result in extremely shallow Jjunc-
tions which have better "n"™ junction characteristic values and lower
diode reverse currents IR than obtained for deeper junctions in
l-ohm-cm material. In addition, the high short wavelength response
achieved coupled with a special super blue antireflectiva coating re-
sults in collecting 40 perceut of the cell short-circuit current from
the 0.4 to 0.6 micron region of the solar spectrum. The significance
of this super blue behavior in preservation of efficiency of the cells
after bombardment is illustrated in reference 4. The high short and
long wavelength collection of the cells resulits in their equivalent
outer-space short-circuit currents being higher than those normally
obtained for l-ohm-cm cells despite the extra gridding on the cell
surfaces.

The open-circuit voltages of the cells are 0.54 volts, which is the
common value of this parameter for 10-chm-cm cells. The efficiencies
for & 1.8-cm® area (main contact subtracted) range from 9.5 to 10.5 per-
cent., The spread in efficiencles is small because of the uniformity of
long wavelength csollection under the solar spectrum, the reproducibly
good Junction characteristics, and the controls used in the fabrication
process, which ere achievable using 10- to 20-ohm-cm material.

From a series of bombardments of these aluninum-doped cells and of
l-ohm~cm high blue and 10-ohm-cm super blue boron-doped cells, data have
been compiled on power outputs and efficiencies preserved after irradia-
tion. The data are shown in figure 5. Power outputs and efficiencies
were measured for the l- and 10~-ohm-cm boron-doped cells using a filter
wheel simulator.% Efficiencies are predicted for the aluminum-doped
cells based on measurements of initial characteristics and measurement
of post-bombardment diffusion lengths. It was not possible at the time
of bombardment to make measurements of the short-circuit currents of
these cells under the simulator. However, the aluminum-doped cells were
equal or superior to the l0-ohm-cm super blue boron-doped cells in all.
characteristics and preserved longer diffusiou lengths after bombardment
than did the 10-ohm~cm super blue boron-doped cells. The predictions
are therefore believed to be reliable.

Baged on approximately 12 bombardment. of the cells with 10-Mev
protons and a series of electrcn bombardments, we have made sapproxima-
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tions of anticipated lifetimes of various types of cells in & Telstar I
orbit with Telstar I solar-cell shielding. An arbitrary lifetime of 1
has been assigned to the p-on-n cell in figure 6.

The data of Vaddel1® and of Rotsenzweig6 of a comparative damage of
p-on-n and l-chm=cm ne-on-p cells result in assignment of comparative
lifetime of 6x +to0 the l-ohmecm Telstar cell. Comparison of the data
or. Lewis aluminum-doped super blue tells with Telstar-type cells results
in assigning a factor of 25x to the Lewls cell.

It must be emphasized that the full potentiel of the Lewis cell has
not been realized as yet. The possibility of the inclusion of chlorine
in the aluminum-4doped silicon as well ags the further eliminat_.on of
detrimental electrically inactive impurities could result in a factor of
perhaps 60x for the Lewis cell.
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DISCUSSION:

IO0DI-IOCKHEED: Could you just mention the range of proton energies that
you bombarded with?

MR, MANDELKORN: We used only 10 Mev protons. This I feel is & high
enough energy so that the data of Rosenzweigh would apply in comparison.

CHIDESTER - LOCKHEED: You predict an 8% degradation at the end of one
year. Is this with no protectiont

MR. MANDEIKCEN: This is with shielding as on the Elstar I and in the
Telstar I orbit. This uses the equivalent flux of 6x10°° per day as given in
recent publications by the Bell Telephone Laboratory.

IOFERSKI -~ BROWN UNIVERSITY: About these gadolimium cells, do I under-
stand that you are not advocating them very strongly? I have some other
questions sbout them. For exemple, why did you use gadolinium in the first
place, why not europium, lutecium, or some of the other rare earths? How
did you know how much gadolinium there was in these cells, and also, how asbout
resistivity of these cells of the gadolinium doped material? Were they measured
on finished cells or raw material, or where did these figures come from?

MR, MANDFLXORN: The high resistivity gedolinium doped meteriasl was made
at the Sigaal Corps, two years ago. The cells made from it were not evaluated
until we had come here. The 18 ohm cm. gadolinium doped meterial was made
here, using much purer gadolinium. The resistivity was fairly uniform through-
out the ingots. As we mentioned in the TM we had great difficulty in bringing
the resistivity down below 20 ohm centimeters. W. are also experimenting with
other impurities. The reason we selected aluminum is because industry states
that they do not feel that it would be difficult to prepare 10 ohm-cm. aluminum
dopea material. That's why we are at this time specifying aluminum. What we
will specify in the fubture I am not at liberty to state.

LOFERSKI ~ BROWN UNIVERSITY: How do you know how much gadolinium there
is in your crystals? How do you know that the resistivity is controlled by
the gadolinium? Have you analyzed the meterial for gadolinium content?

MR, MANDELKORN: This is & very good question, and what we can state
here is that we have dumped large quantities of gadolinium into silicon melts.
We have not been able to bring the resistivity down below 18 ohm centimeters.
This indicates to us that if there are any foreign impurities in the gadolin-
ium, they are not electrically active.

QUESTION (NO NAME): I think to ask the question more directly, have you
made any mess spectrographic analyses of your materials?
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MR, MANDELKORN: We-have not.made m#&sg spectrographic analyses. However,
we have used the highest purity indium, aluminwm and gallium obtainable in six
nines purity. We don't feel that there is any possibility of their being some
other electrically active impurity in those cells.

WEINER - RCA-ASTRO: Were the temperature characteristics of the cells
measured under the simulator?

MR, MANTELKORN: The short circuit current of these cells do not vary to
eny extent with temperature for unbombarded cells. The Biffusion lengths are
80 high, that the collection under the solar spectrum is nct influenced even if
the lifetime goes up to some limited extent with the temperature changes. As a
result, the power outputs are not affected by changes in current. We have -
actually measured temperature characteristics, and Jack Broder will go into this
in a later paper.

WEINER - RCA: Did you indicate that for bombarded cells, 10 ohm centi-
meter material was still superior to the 1 ohm centimeter materidfl?

MR, MANDELKORN: Yes.

WEINER - RCA: This implies that for unbombarded cells, 10 ohm centimeter
material is better t.an 1 ohm centimeter material.

Mg. MANDELKORN: We recommend the 10 chm centimeter cell up to temperatures
of 100°C. We feel that you can make 10 ohm centimeter cells which have efficiencies
of approximately the same order as-the 1 ohm centimeter cells. Then it's a question
of production ylelds. We feel that you can get higher yields of high efficiency
cells from 10 ohm-cm. material than you can.from ] ohm-cm material. Since the
temperature coefficient is not bad compared with 1 8hm centimeter cells, ve feel
that they are competitive up to temperatures of 100°C. However, above 100, as
will be seen in a later paper, we cannot recommend 10 ohm centimeter cells.

TARNEJ/i - WESTINGHOUSE: On the 10 ohm centimeter cells, did you weasure
your junction depth? You said they were shallow.

MR, MANIEILKORN: I'm sorry, I wish we 8ould measure junction depth on the
type of cells we make. On the standard 875 , 30-minute diffusion which we pub-
lished several years ago, the junction depth is 0.5 microns. On these cells the
diffusion is made st approximately 800 and the junction depth is so shallow that
we don't even bother to try and measure it.

'32ARNEJA - WESTINGHOUSE: Would you speculate on the surface concentration?

MR. MANDEIKORN: I would speculate only on one thing. Sheet resistance.
The sheet resistance of the cells as we make them is 150 chms per square.
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RAPPAPORT -~ RCA: Jow, I'm somewhat confused as to the difference belween
the changes of damage resistance with resistivity, which I think we all recog-
nize, and the changes with dopants. One of the crucial experiments I'd like
to see Js what the power output versus flux looks like for a 10 ohm centimeter
boron doped and 10 ohm centimeter aluminum doped cell, where the resistivity
has been accurately measured. Do you have that comparison?

MR, MANDEIKORN: Yes, on the last siide I had a super blue 10 ohm centimeter
boron doped cell depicted. This 1s not a cell normelly available in industry be-
cause it has a super blue coating and a shallow junction. This slide compares
a super blue 10 ohm centimeter boron with a super blue 17 ohm centimeter aluminum
doped cell.

RAPPAPORT - RCA: The resistivities are not the same.

MR. MANDEIKORN: Well, I can't give it to you in any other form. We have
velues of diffusion lengths for 10-20 ohm centimeter boron doped materials,
and although as I mentioned there is scatter, in general the aluminum diffusion
lengths are considersbly higher. I will be glad to show some of the things we
have at the Wednesday night meeting. We have a tremendous amount of data on
ammealing the cells and on the Denney effect. We have proton bomba.rdmﬁt damage
data for 1000 ohm centimeter cells, which shows that at fluxes of 3x10 of 10
Mev electrons, 1000 ohm centimeter cells are virtually undegraded in terms of
diffusion length. We have considerable amounts of datas that wruld answer that,
and I will be glad to show this data at the Wednesday night meeting.

RAPPAPORT - RCA: Unfortunately, many of us won't be here Wednesday night.
The important data is power output versus flux., Diffusion length is & very
fine sclentific measurement but it doesn't tell the story for solar cells, esp-
ecially when you go to very high resistivities.

MR, MANDELKORN: I agree with you, Paul, in fact I also think and I hope
you agree with me that the short clrcuit current degradation of cells does not
tell the entire story. Eventually all comparisons of cells based on short circult
currents and diffusion lengths have to finally be put behind comparisons based
on power output. I emphasize this, the last slide showed measurements of power
_ output under vali’ solar simulationm.

PRINCE - EOS: What is the super blue coating?

MR, MANDELKORN: I'm glad it didn't come up before. When we are cleared
to present information on this type of coasting, we will discuss it with industry.
At the moment we are not cleared to present this luformation.

ROSS = HOFFMAR ELECTRONICS CORPORATION: I belleve that the segregation
coefficient of aluminum is rather high. The nice thing about making boron-doped
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ingots is that you get a reasonably good yleld of material. I don‘t believe
that's "rue of alwsinum, is ity :

MR, MANDRIXORN: Contrary to expectations the growth of aluminum should
be much better or at least as good. Since it has such a high segregation co-
efficient, we £ind that wost of the aluminum remains in the melt throughout.
It's as if you are growing from an Infinite source, and we get very high uni-
formity both radially end axially. We feel that this is a point of superiority
which you do not achieve with boron.
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Qo‘ \6 | ABSTRACT

The electrical characteristics of N/P (less than one ohm-cm to &
nominal 10 ohm-cm base resistivity) and P/N (one ohm-cm) silicon solar
cells irradiated with 1 Mev electron flux to a level of 101© electrons/cm?
have been obtained through a temperature range of -100 degrees Centigrade
to +125 degrees Centigrade. The informaticn was cobtained using & tungsten
light source in conjunction with & 3-centimeter water filter. Correction
technigues are described to rcorvert the spectral and intensity distributions
to the air mass zero operating environment. Curves are presented which
relate the power, voltage, temperature and 1 Mev electron flux level in
e manrer useful to the solar power supply designer.

W ee——

~ SUMMARY

Sstellite solar power supplies are subject to degradation from tem-
perature and hard particle radiation. When the power supply is operating
in the comstant voltsge mode, it is essential to choose the optimum opera-
tional voltage per cell for the space environment.

Post-irradiation electrical measurements were mede on N/P (less than
1 ohm-cm to & nominal 10 omm-cm base resistivity) and P/N (1 ohm-cm base
resistivity) state-of-the-art (i962) silicon solar cells. These cells
had been irradisted at room temperature with 1 Mev clectrons at various
flux levels up to 10 electrons/cn?. The electrical characteristics of
the cells were determined for the erntire itemperature rarce between -100°C
and +125°C, using a tungsten lignt source with & 3- it waver filter.
Spectral ard intensity correctiors car be _.ade to obtain air mass zero
equivalent outputs.

The measuremerts clearly show the superiority of the 10 obm-cm N/P
cell for all solar power suppliee subject to appreciable amounts of
irradistior. Families of curves were developed which relate the solar
cell power, operational voltege, temperature and 1 Mev flux level. These
curves will aid the designer in the selection of the optimum operational
voltege per cell. They can be directly applied when the solar power
supply is operating in {™e constant voltage mode and adapted through
cross-plotting to a peak pe... or constant load system. Selection of
teo high an operational voltage per cell, combined with a low estimate
of either solar array temperature or hard particle irradiation, can be
disastrous for the power system.
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THE ELECTRICAL CHARACTERISTICS
OF IRRADIATED SILICON SOLAR CELLS
AS A FUNCTION OF TEMPERATURE

by
Brian T. Cunningham, Robert L. Sharp
and Luther W. Slifer

Introduction

Numcfous studies have been conducted to determine the effect of
electron irradiation on silicon solar cells.. In order to extehd the knowl-
edge already gained in this area, an investigation was undertaken to de-
termine the electrical characteristics of irradiated silicon solar ceils
as a function of temperature. Consultation with individuals familiar with
satellite environments indicated that a temperature range of -100°C to
+125°C would be appropriate for study.

During October and November 1962, silicon N/P and P/N state-of-
the-art solar cells were purchased from nine different manufacturers.
All the cells received had a photovoltaic area of approximately 1.8 cm3.
Since no particular requirement was placed on base resistivity, the
cells received from the producers varied from less than 1 ohm-cm to
approximately 10 ohm-cm, depez;ding on the manufacturer's production
methods. The voltage current (E-I) characteristics of these cells were
measured in sunlight and under tungsten illumination at, or near, room
temperature. Some cells from each manufacturer were set aside for
thermal and mechanical tests and thirty cells from each manufacturer
were forwarded to the Naval Research Laboratory, Washington, D.C. for

irradiation. Fifteen of these cells were irradiated with 1 Mev electrons

A-T-1



T

[

PIC-SOL 209/5

in dosages varying from 103! to 106 electrons/cm?., The room tem-
perature characteristics of these irradiated cells were obtained (1} and
these same cells were then made available for the temperature effects

study described here.

Equipment

The experimental equipment used to collect the data is shown in
Figures ] and 2. The unitconsists of a 9' diameter aluminum temperature-
controlled chamber sealed off on one end by a 3 cm thick, circulating
water, cooling bath contained by 1/4" thick plexiglass walls. The water
bath alsb served as a filter for the tungsten source by cutting out a large
amount of the undesirable infrared. The other end of the chamber was
fitted with an aluminum temperature control block shown in Figure 2.
The unit contains both a 340-watt, nichrome wire heater and a cooling
spiral of 1/4" aluminum tubing for the transfer of liquid nitrogen. The
front of the \emperature control block is a 1/2'" thick heat sink and acts
as a base for the 1/8'" thick copper plate on which the cells are mounted.

The light source used in the investigation was a 300-watt tungsten
filament, reflector flood bulb. The bulb was calibrated for coler tem-
perature and was operated at 2800°K in the cylim_irical light chamber
shown in Figure l. The entire assembly was constructed so as to pre-
vent stray light from affecting the test. The bulb platform was mounted
on a worm screw 8o that the intensity of illumination on the cells could
be adjusted by moving the source closer to or further away from the

cells under test. All surfaces exposed to the light source were coated
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with optical quality black paint to prevent rcilectiona which would dis-
‘turb the uniformity of illumination. After assembly the entire 6.5 square
inch area of the temperature control block was checked for illumination
uniformity, using a standard solar cell as a detector and found to be uni-
form within 2%. The uniformity of illumination on the cells is considered
better than this because they were mounted in the central 3 square inches
of this area.

When in operation, the temperature chamber was evacuated to 35
micrsas of mercury in order to prevent any frost accumulation on the
cells at the low temperatures. Temperatures were m;asured using three
copper -constantan thermocouples calibrated over the temperature range
of the tests to an accuracy of +1°C. An attempt was made to determine
the cell junction temperature as closely as possible. To this end, the
thermocouples were placed on the top {(on the contact strip) and on the
bottom of the cells, first to determine if a temperature gradient exist. 4.
and second, to find out what its magnitude might be. The data collected
led to somewhat inconclusive results and further work is being performed
in this area. The thermocouple outputs were initially measured with a
potentiometer. Later a deflection type pyrometer was employed, which
gave results nearly as accurate as those from the potentiometer with a
great saving of time. At the extremes of the temperature range, an ac-
curacy of +5°C, including errors due to temperature gradients on the
cells, was obtained. This accuracy improved to within $1°C as room

temperature was approached.
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The solar cell electrical characterisiics were measured by varying
the load resistance across the cell from 1 ohm to 2500 ohms. The cur-
rent flowing with the 1 ohm load across the cell is, by accepted defini-
tion, short circuit current, I,c, while the voltage across the 2500 ochms
is considered to be open circuit voltage, Voc. The complete I-V charac-

teristics were recorded on an X-Y plotter to obtain a permanent reco«d.

Procedure

I-V characteristics were obtained for all cells, using both sunlight
and the filtered tungsten source. For the sunlight measurements, the
sun intensity was monitored with a 15-junction normal incidence pyrhe-
liometer. The solar cell short circuit current was measured in colli-
mated sunlight and then linearly normalized to the short circuit current
for a sunlight intensity of 100 mw/cm?. These normalized current read-
ings were compared to the short circuit current readings obtained frem
measurements made on the cells at roomn temperature using the tungsten
light source. The latter measurements were made with the illumination
set at 100 milliwatts/cm? "sunlight equivalent." To accomplish this, a
standard solar cell with a known short circuit current at 100 milliwatts/
cm? sunlight input was used in setting the illumination level from the
tungsten light source sc that the same short circuit current was obtained.

Mounting of the cells was initially accomplished by heating a pre-
tinned copper plate to the solder meiting point. Four solar cells were
then placed on the plate and the unit was removed to a cool hcat sink as

quickly as posasible. Results using this system were poor. First,
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electrical measurements before and after mounting indicated changes
in short circuit current up to 4%; and secondly, cells under test would
occasionally shatte. when undergoing temperature changes. To allevi-
ate this prcblem, a conductive epoxy was used to bond the cell to the
test plate. Curing of the epoxy at 60°C had no measurable effect on the
electrical characteristics of the cells; neither was any additional series
resistance evident. The epoxy held throughout the test temperature range
and no cracking of the cells was observed aiter institution of its use.
Cells to be tested were selected at random in groups of four and
mountec'i cn the copper plate. The cells were then placed in the charaber
and the illumination was adjusted to give the ''pre-chamber installation"
short circuit current value from the cells. The cnamber was then evac-
uated and the temperature lowered to -110°C. Because of the compar-
atively large heat sink, it was found suitable to simply let the tempera-
ture drift upward while readings were taken at the desired temperature
intervals. In most cases, all four I-V curves could be obtained with a
variation of only +2°C of the nominal measuring point. 1-V curves were
then analyzed for short circuit current, open circuit voltage, maximum

power, and power at specif{ic voltages.

esults and Discussion

The data obtained from the msasurements and its analysis and in-
terpretation will be presented in f8ur parts. The first three parts pre-
sent individual electrical parameters, i.e., short circuit current, open

circuit voltage and maximum power as a function of temperature and
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irradiation. The final sectinn shows the interrelationsghip o1 power,
voltage, temperature and flux (P, V, T and®) in the manner considered
most useful to the solar power supply designer.

It should be noted that the electrical parameters in the ensuing anal-
ysis are presented in absolute terms and are therefore subject to criti-
cism from a ''representative sampling" viewpoint. In defense of this
alpproach it can be said:

1. All the available irradiated samples were temperature-tested.

2. Wherever more than one sample was available (i.e., non-
irradiated cells and those irradiated to 10'® electrons/cm?),
favorable comparisons were obtained between similar cells
throughout the temperature range.

3. There is a favorable comparison between the results obtained
during these tests and earlier results obtained with a larger
number of samples at room temperature.

For these reasons, it is felt that the results are, in reality, repre-

sentative of large samples and the information sufficiently reliable to be

extended to this application.

Short Circuit Current

The initial room temperature measurements showed that for non-
irradiated cells under tungsten light, essentially the same readings were
obtained as in sunlight rcgardless of manufacturer. However, for N/P
solar cella irradiated with dosages greater than 1013 electrons/cm3,

the percent change as seen under tungsten light became significantly
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different, depending upon manufacturer, from that seen under sunlight.
It should be recalled that in the N/P category several different base
resistivity cells were under evaluation, ranging from less than 1 ohm-
cm to more than 10 ohm-cm. Results of an earlier investigation(l)
show that the higher base resistivity cells are less susceptible to radi-
ation damage from 1 Mev electrons at room temperature. For P/N
solar cells a significant difierence in the results under the two light
sources was observed for dosages greater than 10!! electrons/cr 2.
The percznt change in short circuit current for solar cells due to irra-
diation of 10! electrons/cm? as measured using tungsten and sunlight
is shown in Table 1.
Table 1
Comparison of Sunlight and Tungsten Sources

for Measurement of Short Circuit Current
on Irradiated Solar Cells

Percent Change in I,

Solar Cell after 1016 electrons/cm?

Ngr;x’i:al Type | Tungsten Light Sunlight
Resistivit (100 mw/cm? (100 mw/cm?)

esistivily suniight

equivalent)

10 ohm-cm | N/P 37 26

1 ohm-cm | N/P 49 37
<l chm-cm | N/P 57 40

1 ohm-cm | P/N 76 63

These results show the extent to which the degradation in the long wave-
length end of the response of the solar cells due tu electron irradiation(‘

is to be considered when analyzing data obtained from meas'irements on
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irradiated cells using a source other than sunlight. In the interpretation
of the information presented here, it must bhe emphasized that tungsten
operating at 2800°K is a 'red' source, that is, the spectrum reaches a
maximumn: near 1.0 micron (in the infrared region), while the sun is a
"blue'! source and peaks near $.46 micron (in the blue). Since electron
irradiation degrades the red end of the solar cell spectral response, ra-
diation degradation appears worse under tungsten light than under
sunlight.

As shown in Figure 3, the short circuit current does not change lin-
early with temperature; however, it is worthwhile to compare the change
observed over the entire temperature range with respect to irradiation.
The average short circuit current coefficient for a non-irradiated cell
is 50.8u A/°C, while for a cell irradiaied to 10'¢ electrons/cm? it in-
creases to an average of 69.8u: A/°C over the range -100°C to +100°C.
This average is derived from data taken on all manufacturers' cells.

Short circuit current degradation as a function of irradiation has
been adequately covered in an earlier report.(l) Since the results of
the present study do not add to the data already presented except as
previously mentioned, no further discussion need be given on this

parameter.

Open Circuit Voltage

Open circuit voltage degradation as a function of flux level is shown
in Figur : 4 for both N/P and P/N solar cells. The N/P degradation

points at each flux level represent an average of five diiferent cells,
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while the P/N points at each level represent a single cell. The latter
data should therefore be treated cautiously. Within the limits of the
experiment no appreciable difference in radiation degradation of the
open circuit voltage was observed between N/P cells of different base
resistivities.

As shown in Figure 5, it was found that open circuit volitage, for
both irradiated and non-irradiated (control) cells, decreased linearly
with temperature over the entire test range. The average coefficient
of open circuit voltage change with temperature was -2.34 mv/°C. The
extremes were -2.16 mv/°C and -2.60 m»/°C. Since the variation noted
appeared between individual cells of the same manufacturer rather than
being manufacturer-dependent, it is probably due in large part to exper-
imental error, but effects of real differences between cells (base re-
sistivity effects, for example} are not considered negligible. For this
reason, the average of -2.34 mv/°C is considered the appropriate choice
for power supply design calculations, The temperature coefficient was
also found to be independent of the lgvel of irradiation as shown in
Figure 5. Figure 6 depicts the percent change in open circuit voltage
as a function of the percent change in short circuit current for both sun-
light and tungsten sources at different irradiation levels for a nominal
1 ohm-cm solar cell. Figure 7 is a similar curve except that the cell
has a nominal 10 ohm-cm base resistivity. The purpose of presenting
these figures is to emphasize the fact that the degradation of open cir-
cuit voltage with irradiation must be considered in the design of a solar

power supply.
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Figure 8 shows the variation in peak power as 2 function of tem-
perature and irradiation for a typical set of N/P ceila under investi-
gation. Peak power is somewhat meaningless to the power suppiy de-
signer without reference to temperature, voltage and irradiation level,
so nv attemptwill be made at this point to preaent detailed variations
from one type of cell ic another. In a later section of tais report, curves
will be presented which wili allow the designer to determine peak power,
taking into consideration the temperature and irradiation levels of in-
terest. Specific values of radiaticn degradation of peak power at room
temperature have been reported earlier;(l) Comparison between re-
sults obtained with tungsten light and sunlight as sources ior measure-
ment is given in Table II.

Table II
Comparison of Sunlight and Tungsten Sources

for Measurement of Peak Power
on Irradiated Solar Celis

T
Percent Change in P,,, ]

Solar Cell after 10'® Electrens/cm?

Nominal Type

Base YP Tungsten Light Sunlight
Resistivity (100 mw/cm? sun- | (100 mw/cm3)
light equivalent)

10 ohm-cm | N/P 50.2 41.3

1 ohm-cm | N/P 58.2 47.6
<1 ohm-cm | N/P 65.2 47.4

1 ohm P/N 85.5 78.0

P,V, 7T, and ¢ Curvas

In order to relate the appropriate solar cell electrical parameters

for the power supply derigner, curves have been drawn in the manner
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of Figure 9. These curves relate power (P), '"operational" voitage (V),
temperature (T). and flux level (®}. The origin of this data is the set

of I-V characteristic curves which were obtained during this investi-
gation for temperatures between -100°C and +125°C in increments of
25°C. Tho power at each "opevational'! voltage is determined and the
results are then combined to form the family of P, V., T, and & curves.
In Figures 9, 10, and 11, the 1 Mev electron flux level and the opera-
tional voltage have been held constant so that it is possible to evaluate
the effect of celi type and base resistivity on power output. As ghown

in Figure 9, where the cclls have not been exposad to any hard particle
irradiation, all the manufacturers' cells lie in a relativelir narrow range.
For the power supply designer. the P/N cell is the most agpropriate
choice here due to its higher open circuit voltage, which gives it a higher
power over a wider temperature range. In Figure 10, irradiation has

progressed to 10'? electrons/cm?

and all cells with the exception of the
severely degraded P/N cell lie in a close range of power output over the
temperature range. Hence, if hard particle irradiation equivalent to the
damage done by 1 Mev electrons at 10'® electrons/cm? were anti ipated,
the designer would be able to use most effectively the highest efficiency
(as measured at room temperature) non-irradiated N/P cell available.
Some cross-over will be noted at the higher temperatures; however, it

is tou early, in tzarms of irradiation, to see any distinct advantage of base

resistivity. Progressing to 10!¢ electrons/cm?, in Figure 11, there is

a distinct advantage to the higher base resiotivity cells. This advantage
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becomes less evident as the operational voltage is increasged, and in

fact, in extreme cases (high temperature) the 1 ohm-cm cell is the more

desirable, The reason for this is the higher initial open circuit voltage
of the 1 chm-cm cell relative to the 10 ol.n-cm cells among the cells
under investigation. However, the sclar cell would be operating in an
extremely precarious and inefficient region of the P, V, T, and ¢ curve
in order to achieve any advan*age of this characteristic. Figure 12 de-
picts this extreme situation on an expanded power scale and shows the
10 ohm-cm, 0.40 volt curve dropping inside the 0.40 volt, 1 ohm-cm
curve. The 0.45 volt curves of this {figure wouid have the same relation-
ship if complete data were available for this region and hence are shown
as such by extrapolation of the 0.45 volt, 10 ohm-cm curve. It should
be kept in mind that choosing too high an opei itional voltage, combined
with a low estimate of operating temperature, would be disastrous for
the power cupply because the curxves have a steep slope relative to in-
creasing temperature after the peak is achieved. In conse.quence of the
foregoing, the next series of figures (13-21) present the available P, V,
T, and ® curves ior the N/P, 1 and 10 ohm-cm cells only. (Although the
10 ohmecm solar cell has been shown to be more radiation resistant and
the preferred choice for the power supply designer in almost all cir-
cumstances, the 1 ohm=-cm curves are presented because of continued
use of this type of cell on solar power supplies.) These figures will
directly aid the power supply designer who is designing a constant volt-
age supply (the most common in satellite use) in determining the most

desirable operatiug voltage once he knows the 1 Mev electron flux
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equivalent and the operating temperature of the cell. Also, since these
curves are derived directly from the I-V curves, they can be used
(through cross-plotting) for any other mode of operation. The curves
presented for irradiated cells, if used "as is,'" allow for a considerable
margin of safety in that the source used in the investigation was tungsten.

In order to be useful to the spacecraft solar power supply designer,
the data obtained during this investigation will have to be corrected to
reflect the air mass zero operating environment. Also, extrapolations
are necessary to reflect solar cell conversion efficiency improvements
made by manufacturers since this project was initiated.

To correct the tungsten air mass 1 equivalent data (i.e., all P, V,
T, and $ curves in this report) to the air mass zero operating environ-
ment, both spectral and intensity adjustments must be made. Tungsten,
as was indicated earlier, exaggerates 1, damage seen on irradiated
cells. To evaluate this diffierence, I, measurements were made under
both tungsten light and sunlight on all cells. The results were then nor-
malized to 100 mw/cm? and 30°C. The ratic of the short circuit currents
under the two illumination conditions was obtained for each group of cells
and is shown in Figure 22 for the 1 and 10 ohm-cm samples. Measure-
ments indicate that this ratio holds, within experimental limits, through-
out the temperature range. If the power value, on anyof the P, V, T,
and ¢ curves is multiplied by this factor, taken at the appropriate flux
level, the result is a sunlight air mass one, 100 mw/cm? value. The
air mass zero intensity adjustment is made by obtaining the ratio of

energy, in the solar cell response region, of the sunlight air mass zero
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spectrum to the sunlight air mass one spectrum, weighted according to
the spectral response of the cells. This ratio has been determined(3)
to be 1.17.'

The solar cell efficiency improvement correction is made by ob-
taining an I-V curve of the new non-irradiated cell at some convenient
temperature and illumination condition. Similar information is extracted
from the appropriate (1 or 10 ohm-cm) F, V, T, and & curve for the same
temperature and illuminaticn conditions. A ratio of the currents of the
old and new cell at the constant voltage point of interest is then extracted
from this data. All of the power values on the P, V, T, and ® curves at
this particular voltage can then be multiplied by this ratio to obtain a
good estimate of the output from the improved cell. This correction
may be applied only to cells which are similar, in terms of dopents, base
resistivity, etc., to the cnes under investigation in this report. Fortu-
nately, most of the cells being used on today's power supplies fall into
this category. The result of this correction will still yield a slightly
conservative power figure in that additional imrprovements have been
made in both the series resistance and open circuit voitage of the newer
cells.

To summarize the above conversions:
L) (%) (1 (1)
v, v ()& ()
2 l(11' “x I:

*Different values ranging between 1.17 and 1.23 are in common use. The value 1.17 was chesen
here because it repr. sents o properly conservative approach to extrapolations.
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Power of the improved solar cell at air mass zero at the
given conditions of temperature and irradiation.

Power as measured under the tungsten air mass one
equivalent conditions. This value is taken directly from the
P, V, T, and @ curves presented herein.

Sunlight short circuit current after irradiation at a given
temperature and 100 mw/cm?3.

Tungsten short circuit current after irradiation at the same
temperature as I (see Figu-= 22).

Air mass zero energy in the solar cell response region

weighted by the solar cell response.

Air mass one energy in the solar cell response region
weighted by the solar cell response.

Current of the lower efficiency (old) cell at the desired
operational voltage and some comparative temperature,.
Current of the higher efficiency (new) cell at the same
operational voltage and temperature and under the same

illumination conditions as Il .

The use of the P, V, T, and ® curves and the corrections described

above are best illustrated with the aid of a dedign procedure description.

In this example, the solar array operating conditions have been pre-

dicted to be 0°C with a 1 Mev equivalent flux of 10!% electrons/cm? at

end of mission.
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3.

The 10 ohm-cm cell is chosen due to the high 1 Mev flux
equivalent. The P, V, T, and @ curve which fits these conditions

is found in Figure 20.

The optimum operational voltage is determined from Figure 20.
In this case 0.45 volt is nearly optimum. (If more detail is re-
quired, power-voltage curves can be constructed from the
given data.)

Correct the power at this voltage to reflect the air mase zero
operating environment and the efficiency improvement on the

newer cells using equation (1).

Conclusions

The following conclusions regarding the characteristica of 1962

state-of-the-art silicon solar cells bombarded under low level illumi-

nation and room temperature conditions by 1 Mev electrons have been

obtained.

1.

2.

3.

Post-irradiation measurements in the temperature range from
-122°C v +125°C show N/ P solar celis 16 De decidedly mors
radiation resistant than the 1 ohm-cm P/N cells.
Post-irradiation measurements in the temperature range from
-160°C to +125°C show the nominal 10 ohm-cm N/P solar cells
to have greater radiation resistance than the lower, 1 ohm-cm
and less than 1 ohm-cm nominal base resistivity cells.

No single cell type (N/P or P/N; 1 ohm-cm or 10 ohm-cm base

resistivity) can be chosen as the best cell (for power supnly use)
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for the entire range of irradiation from 0 to 10'® electrons/cm?,
the entire range of temperature from -100°C to +125°C, and the

entire range of operating voltages. This results primarily from

the fact that significant differences exist in the open circuit
voltages of the various types of cells. However, the following
generalizations can be made:

a. Prior to irradiation, P/N cells have better electrical
power generating characteristics than N/P cells and the dif-
ference is most significant for higher operating voltages (abave
0.35 volt/cell) and higher temperatures (above 50°C). This is
primarily because of the higher open circuit voltage of the P/N
cells.

b. After nominal irradiation (equivalent to 10!* electrons/
cm’), the overall higher radiation degradation rate of the P/N
cells results in the loss of the advantage at the higher operating
voltages and higher temperature conditions and also resuits in
a disadvantage under low voltage and low temperature conditions.
The amount of radiation is still not sufficient to produce a dis-
tincti~n between base resistivities in the N/P cells.

c. After extensive irradiation (equivalent to 10!* electrons/
cm?), the P/N cells 2~-e significantly poorer than any of the N/P
cells under all conditions of temperature and operating voltage.
The difference in radiation sensitivity is sufficient to clearly
show the nominal 10 ohm-cm cells to be better than the nominal
} or less than | ohm-cm cells except at the higher temperatures
and higher voltages.
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4. Degradation of open circuit voltage as a function of both 1 Mev
electron fluxr and increasing temperature has a significant effect
on the choice of operating voltage for a solar power supply.

a. The perceniage degradation of open circuit voltage i
sunlight with irradiation is roughly 1/2 the percentage degra-
dation of short circuit current.

b. Open circuit voltage varies line=.iy with respect to
temperature between -100 >4 +125°C fo . both irradiated and
non-irradiated sillcon solar cells.

¢. The temperature coefficient of open circuit voltage is

,:onlt.ant for any cell but varies from cell to cell. The average
value is -2.34 mv/°C.

d. Irradiation does not appreciably affect the temperature
coefficien® of open circuit voltage in the temperature range from
-100°C to +125°C.

5. Degradation of short circuit current with 1 Mev electron flux is
significant, but variation with temperature is relatively
unimportant.

a. Short circuit current increases but does not increase
linearly over the temperature range from -100 to +190°C.

b. In general, the average temperature coefficient of short
circuit current increases with increasing radiation. For non-
irradiated 1 X 2 cm cells, the average coefficient is 50.8 . A/°C

and for cells irradiated to 10'® electrons/cm?, it is 69.83u A/°C.
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Peak power generally decreases linearly abuve -50°C. Below
-50°C, peak power is observed to increase, decrease and not
change, depending on the celi. In most cases the change at
temperatures below -50°C is small.

The P, V, T, and & curves represent a convenient aid to the
solar power engineer, particularly in the design of constant
voltage power supplies, but also in the design of power supplies
operating in other modes. These curves show that at less than
10!3 electrons/cm? the degradation is essentially the same for
all N/P cells regardless of base resistivity. They also show
that at irradiation levels above 103 electrons/cm?, the use

of higher base resistivity cells is desirable.
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Figure 1 - Test Equipment
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Figure 2 - Temperature Control Block and Chamber




22~ L-v

FIGURE 3. EFFECT OF TEMPERATURE AND IRRADIATION
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FIGURE 5. EFFECT OF TEMPERATURE AND IRRADIATION ON

900

800

Voc (MILLIVOLTS)

400

|

300

OPEN CIRCUIT VOLTAGE (TYPICAL CELLS)
101 8

1 - MEV FLUX LEVEL
(e/cm2)

TUNGSTEN SOURCE
100 mw/cm? SUNLIGHT EQUIVALENT

| 1 1 |

125

1 i
100 -75 -50 -25 0 25 50 100 125
TEMPERATURE (°C)

¢/602 10S-01d



Ge-L-v

FIGURE 6. COMPARISON OF OPEN CIRCUIT VOLTAGE DEGRADATION
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FIGURE 7. COMPARISON OF OPEN CIRCUIT VOLTAGE DEGRADATION
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SOLAR CEZLLS IRRADIATED WITH 1 MEV ELECTRONS TC

" 106 EL:CTRONS/CM?
13r
12
llg TUNGSTEN SOURCE
_ 10} N/P CELLS . o 100 mw/cm2 SUNLIGHY

EQUIVALENT

10 OHM-CM

POWER [MILLIWATTS

N/P CELLS
- LESS THAN 1 OHM-CM

9
8
1
6
5».
4
3
2
1
0

g P/N CELLS— &
i 1 i 1 ] 1 1 1

1 1
125 100 75 50 -25 0 25 30 5 100 125
TEMPERATURE (°C)

¢/602 T0S-014



TE=L-V

FIGURE 12. COMPARISON OF 1 AND 10 OHM-CM SOLAR CELL POWER
OUTPUT AT 0.40 AND 0.45 VOLTS AFTER IRRADIATION
TO 10'SELECTRONS /CM?
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FIGURE 13. PY,T, © GURVES FGR A 1 GHM-CM N/P CELL WITH
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FIGURE 14. P V, ,¢ CURVES FOR A 1 OHM CM N/P CELL WITH
= 10'3 ELECTRONS /CM?2
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FIGURE 15. PV.T, ® CURVES FOR A 1 OHM-CM N/P CELL WITH
® = 10" ELECTRONS/CM’
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FIGURE 17. P\V,T, & CURVES FOR A 10 OHM-CM N/P CELL WITH
@ = 0 ELECTRONS/CM2
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FIGURE 18. P,V,T, ® CURVES FOR A 10 OHM-CM N/P CELL WITH
¢® =102 ELECTRONS/CM2
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FIGURE 20. PV T, dD CURVES FOR A 10 OHM-CM N/P CELL WITH
d= 1015 ELECTRONS /CM?
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DISCUSSION

LOFERSKI-BROWN UNIVEIRSITY: Was there anything speciel about the impurity
in these cells?

MR. TINNINGHAM: No, these were standard flight quality units which we
bought from the leading manufacturers. Cne comment that I would like to make
here is that the choice of .35 volts to evaluate these cells is somewhat
arbitrary. It happens to be a point where we were evaluasting an array. If
you choose some other volisge, higher or lower, what would happen is that
the cross over point which you noted for 1O ohm centimeter and the 1 ohm
centimeter cell would shift to the left or right dependirg on whether or not
it was a higher or a lower voltage. I think that this is what Mr. Mandelkorn
had in mind when he said that he didn't recommend the 10 ohm centimeter
above 100°C. This is the cross over point, where you can't buy any more
with the higher base resistivity cell.

HARMON-RCA: From your results, T gsther that you did not notice any
increase in short circvit temperature sensitivity with radiation. I've
seen other results in which there was approximetely a Z00-300 per cent
increase of temperature depeudence of short circcuit current with radiation

damage .

MR. CUNNINGHAM: You mean the terperature coefficient of the short
circuit current? Well of course whenever you use tungsten light you come
under suspicion when you start quoting short circuit temperature coefficients.
In an attempt to evaluate this, we made sunlight measurements ca several
of the cells. We found that the agreement was pretty good, in other words,
the temperature coefficient was affected very little by the nature of the
light source. We decided that tunguten is a pretty good light source for
this kind of measurement.

HERMAN GUMMIL-BELL TELETHONE LABS.: You cid quote some nmumbers for
the temperature coefficient. At what temperatures sre the curves not straight
lines?

MR. CUNNINGHAM: Between -SOO and +50°, the; seem to be straight lines.

HICKS-WESTINGHOUSE: Tid you notice arything peculiar about your VI
curves? We've done some similar temperature measurements, and we noticed
that on some cells it appeared as iIf a .aonlinear resistance had been inserted
into the cell.

MK. CUNNINGHAM: Yes, we did. Where it would show up is in a plot of

peak power versus t.mperature. We observed peculiarities but we could not
pin them down. Above -50°C the power increased, decreased, or didn't change

A~f-L2
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at all, although these variations were very small.

¢OF LOFERSKI-BROWN UNIVERSITY: What happened when you reversed your
temperature cycle and went up in temperature and then down in temperature?
Were there any hysteresis effects?

MR. CUNNINGHAM: We didn't take the chance in going Lp, we went cdown
first anc then came up. It is something that we're going to try shortly.

ROSS-HOFFMAN ELECTRONICS: I wonder if you saw any effects of annealing
in your studies?

MR. CUNNINGHAM: On the short circuit currert plots that you saw, the
short circuit current at higher tempe .aturcs appeared to taper off. This
is just the opposite cf what you would expect if aunealing were occurring,
so I can't really say that we did see any annealing.

MARTIN WOLF-HELIOTEK: Tue shoiv circuit current curves are very
sensitive to the spectral distribution of the light and must te interpreted
with care. If you use a differen. sunlight similator, you will probably
get different short circuit curren* Jata. A zero temperstur- coefficient
or negative temperature coefficient could be obtained, depending on the
spectral distribution of the light.
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Radiation Resistance of Webbed Dendritic
Solar Cells

K. Tarneje
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Westinghouse Electric Corporation

This report concerns & two part(l)’ (2) program undertaken by
Westinghouse, for the Flight Vehicle Power Branch of the AF Aero
Propulsion Laboratory, to' maximize the radiation reaistance of silicon
webbed dendritic solar cells.' This is part of a larger effort which
includes development of efficient fabrication techniques and power
supply design.

The initial contract, concluded at the end of 1963, called for the

‘development of dendritic cells, by conventional diffusion techniques,

vhich showed the maximum resistance to 2 MeV electrone.' The current
work extends this study to include various drift field structures;\it
utilizes 1 MeV electrons as a standard of comparison ind. will later
consider other particle types and energies. We are concurrently studying

the effect of a vacuum environment on radiation damage rates.’ These

three gubjects will be discussed in turn, after a word about dendritic
solar cells.

It is possible to pull a pair of dendrites from & silicon melt in
such a vay that a web of silicon of & chosen width and thickness freezes
between the dendrites. This process, developcd by Westinghouse, can be
controlled to grow silicon blanks 1 cm wide, of the optimum thickness
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for soler cells, and of arbitrary length. At present we cut off sections
30 cm in length, trim away the dendrites to reduce leakage current, then
proceed with diffusion and contacting. For radiation damege testing,
amaller cells 1 x 2 cm in area are usged.

These dendritic cells were not expected to differ markedly in
radiation resistance from cells of similar composition produced in other
ways; their promise lies in the elimination of silicon wastage and extra
fabrication steps, which should permit lower costs, eund in increased
reliablility due to fewer interconnections.

Radiation Resistance of Conventionally Diffused Dendritic Cells

Our approach was to fabricate many series of solar cells under
closely controlled conditlions, systemstically varylng severai parameters
in order to determine the structure which provided maximum resistance to
darage by 2 MeV electrons. Toward the end of this study several irradi-
ations with 1 MeV electrons were also made to provide a basis for con-
verting the results to the 1 MeV electron damage rates which seem to have
become the standard for comparing solar cell damage. The parameters
varied were base resistivity type, magnitude of base resistivity, diffusion

depth, and temperature during irradiation.

Some 1200 inches of dendrite were pulled for this program from five
charges of polycrystalline silicon. Junctions were formed oy vapor dif-
fusion with BCl3 or P205, followed by acid etching and application of
gridded contacts by photoresist techniques and electiroless nickcl plating.
Soldered aluminum base plates provided thermal contact to the heat sink
during irradiation. From each dendrite five cells were made, and the
most uniform three were selected for irradiation. Dislocation denstty,
resistivity, sheet resistance and diffusion depth were measured for each
dendrite. Oxygen content was determined periodically.

Nine cells were irradiated at a time by placing them, and a Faraday
cup of special degign, on a belt which conveyed them repeatedly through a
beam of 2 MeV electrons. In this way each cell, and the Faraday cup,
received an equal integrated flux, which was constant over the cell area
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to a few percent. Periodically, irradiation was halted and all cells

vere evaluated at 2700. Dark I-V curves, I-V curves under 3&00°K tungsten
light at 140 mW/cma, and I~V curves under the same light source filtered
through 1/2 incn of plexigloss and 3 cm of de-ioni~od water, were taken.

The intensities stated refer tc solar i1llumination; i.e., the intensity

was adjusted until two calibrated solar cells gave the same power output
which they would deliver under 140 mw/czn2 ground level solar illuminzation.
Also, speciral response curves were determined before and after irradiation.

Efficiencies at the maximum power point were calculated from the
light curves. All data given in this paper refer to the filtered light
gource. Such a filtéred light source provides an apparent rate of
degradation in efficiency which is closer to the rate seen in sunlight
than to the rate seen in unfiltered tungsten light, although this effect
is empirical and is not based on any close similarity to the solar spectrum.
In all cases, the two light sources gave the same indication as to which
of two cell types was more resistant to damage.

The typical effect of damaging radiation on solar cells is ilius-
traeted by Figure 1, which shows I-V curves for an 8 Q-cm P/N cell measured
after exposure to different electron fluxes. One sees a decrease in short
circuit current which also, by shifting the power curve upward, accounts
for about half of the observed decrease in open circuit voltage. An
increase in the load resistance corresponding to the maximum power point
is also apparent. When efficiencies are calculated from these curves, one
sees the typically logarithmic decrease in efficiency with electron flux
shown in Figure 2.

Unfortunately, there is no single method of abstracting one value
from a curve such as this which gives a just comparison among the radiation
damage rates for all types of cells. One measure whicn has been used is
the slope of the logarithmic decrease in efficiency; i.e., the % decrease
in efficiency caused by a factor of ten increase in the total electron
flux. This ie very deciving because both N/P and P/N cells eventually
exhibit similar slopes, but the N/P cells do uot begin to show logarithmic
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degradation un... they have received about ten tires greater integrated
fluxes Another common measure is the electron flux at which the ef-
ficien.y has fallen to 75% of its initial value. This method discriminates
against a cell which has a high initial efficiency vecause of & low initial
concentration of recombination centers. A given number of radiation
induced recombination centers will cause a grester fractional decrease in
efficiency for this cell than for a cell with lower initial efficiency.
This second method is meaningful, however, if one can compare only cells
with equal initial efficiencies. This we were rarely able to do. A

third method which is of particular value to ‘he satellite designer, who
mugt design for a certain minimum power level toward the end of his mission,
is to specify the efficiency after exposure to a particular flux.

In Table I the results of the investigation are summarized by the
latter two methods, and by one other; the electron flux required to reduce
the efficiency to 6. The particular electron flux chosen as a criterion
is lols/cmz. Initial efficiencies are also shown. The third and fourth
columns in Table I show a distinct reciprocity--a high initial efficiency
tends to reduce the apparent resistance of the cells as indicated by flux
at 75% of initial efficiency. In the latter two columns, higl. initial
efficiency should tend to increase the apparent resistance to 2 MeV
electrons. Although each line in Table I represents the average of from
three to nine cells, the data appears to scatter badly because of the
effect of variations in initial efficiency. However, when the effects
of the initial efficiencies are cousidered, the results become fairly
clesr.

The effect of diffusion depth appears to be minor, and an optimum
value of Q.54 was chosen, rather arbitrarily. N/P cells are a3een to
resist roughly 3 times as much 2 Mev electron flux as P/N cells, and the
optimum values of base resistivity lie in the range 10-150 cm. If short
circult current density is considered instead of efficiency, the damage
rate continues to decrease with increasing resistivity up to the highest
resistiv: ty tested. The maximum in damage resistance of N/P cells actually
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occurs because of serles reslstance losses, and could be shifted to higher
resistivities by constructing thinner cells. The 20 Q-cm cells reported
here were T mils vhick.

From Table T the op*‘imum structure is taken to be 13 Q-cm N/P, with
a diffusion depth of 0.5u. This is quite similar to the findings of che
many investigators who have studied damage rateas of cellsrabricated from
Czochralski grown .1licon. To obtain a direct comparison we tested
optimum dendritic cells together with cells made from C-~chralsgki grown
m&terial of the same type and resistivity. The results or the Czochralsiki
cells are aisc =<hown in Table I, and are quite similar to the results for
dendritic cells.

The effect of ambient temperature on the formation of radiation
defects was found to be unimportant. Cells of the optimum structure were
irradiated at -80, -30, 27 and TSOC, and no significant differences in
damage rates were seen. Since it wag possible that low temperatur:c lefect
structures were annealing during measurement, one set of cells was main-
taiced at -3000 during irradiation and measurement. Again, there was no 1
effect on the damage rate.

The variation of efficiency with temperature over the range -80°C to
+75°C for the optimum cell type is shown in Figure 3. The increase in

efficiency at low temperatures over the room tomper—  :re value is not as

great as should be expected, protably Lecau'e ¢’ i resisiance,
Oxygen contents of the silicon dendrit.s « wed by vacuum

fusion. With the exception of one n-type sampi. .entrations were

in the range 0.006 to 0.0l) wt.%. Since this was S oue odx times as

great as the oxygen content of the (Czochralski grown crystal which pro-
vided cells with virtvally identical damage rates, the variation of oxygen
content among the several dendrites was presumed to be unimportant.

The investigation was concluded with & comparison of 1 MeV and 2 NeV
electron damage rates. Figure 4 shows this data for the optimum dendritic
cells and for a matching set of Czochralski cells. For the dendéritic cells,

a given decrease in efficiency required six times as much electron tlux at
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1 MeV as at 2 MeV. For the Czochralski cells the factor was 3-4 A
similar experiment with P/N dendritic cells {, ve a facter of 2-1/2 -
3-1/2. This should be compared to the results . ¥ Denney and Downinz,<3
who found (for the flux required to reach a parti.ular short circuit
current) a factor of ahout 4 in N/P cells anl about 1-1/2 in P, N cells.
Drift Field Structure

This work is an extension of the search for an optimum radiation
resistant dendritic cell te 1.. ude drift field structures. Several

speskers at last year's Power Sources Conference discussed the possilility
of improving radiation resistance by suitably controlling the concentration
gradients in *lLe base region. This would produce an electric fieid which
by speeding charge collection would tend to offset the decrease in carrier
lifetime.
Two fabrication methods are being investigated t.o provide the desired
graded base structures--diffusion technicues and ¢ itac..ial growth technigues.
i, Diffused graded base solar cell stru~’ re:

oolar cell fabrication in this case consiets ~f borou diffusion
into P-type silicon webbed dendrites to obtain a graded base followed by
phosphorus diffusion for formation of the N/P Junctica. Efficiencies as
high as 8% hav. been achieved in these cells.

2. Epitaxial graded base solar cells:

Two epitaxial techniaues were algo used to form graded base
structures. One was to deposit a high registivity, epitaxial grown l.yer
onto a low resistivity, silicorn webbed dendrite base and establish the
desired gradient by out-diffusion techniques. The second method was to
deposit the graded epitaxial layer by controlled doping during epitaxial
growth. After this structure was obtained, N/? junctions 1/2 micron deep
were formed by phosphorus diffusion. After diffusion and post-diffusion
cleaning of these¢ blanks, grid structure contacts were put on the diffused
surface and the back surface using either Ni-plated or Ag-Ti evaporated
and alloyed contacts, followed by dip soldering. Figure 5 shows the
structure designed for epitaxial graded base solar cells. Efficiencies
a3 high as 9% have bteen achieved.
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We do not yet have satisfactory direct measurements of the flelds or
~soncentration gradients in these cells. The beet evidence of their drift
field structure is the behavior of thelr spectral response under "—radiation.

allao
- —

Figure 6 showe the specirali respouss cur hage two types
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[oAN e ]

before and after irradietion with 4 x 1016 and T x 107 1 Mev clcctrons/cmz.
For comparison, spactral response curves of an optimum non-graded base

cell before and after irradiation with 1.4 x 1016 ol/cm® are 8lso shown.
The response to long wavelength light, and therefor. the collection of
carri~rs from deep “‘a the base reg.on, is pregserved as well or better in
the graaed base structures, despite the greater electron flux received.

The short circuit currents are maintained corre .ondingly well, ss shown
in Figure 7. Here, and in Figure 8, the dashed lines represeat one par-
ticularly good group of cells which we have not yet been able to reproduce.
The other lines show the average for all cella of each of the three types.
Figure 8 shows efficiency versus 1 MeV electron flux for the ~ame groups
of cells. Here, the advantage of the graded bawe cells is less obvious
because damage to the open circuit voltage is beginning to have an effect.
It is clear that the graded hase cells will prove more resistant than the
conventionally diffused cells, and that much work must still be done to
optimize *+heir resistance.

Egﬁect of “'acuum

Most of the recent evaluations of silicon solar cells have t .en done
in air. Mr. Joseph Wise, of the AF Aero Propulsion Laboratory. brought
to our attention some recent work(u) that indicates two to three orders
~* magnitirde decrerse in the flux necegsary to degrade solar cells when
they are irradiated in vacuum rather than in air. Some earlier work by
Loferski and Rappaport(S) in 1958 indicates more rapid damege ! - a factor
of about 30 in vacuum. Their finding was noted but not investi,ated
further, possibly because the predictions of solar ce'l life in epace at
that time appeared to rive a comfortable margi of safety. Decause of the
more lntense radiatio. fields now known to be resent, however, it is

necegsary to rasolve the question. The accumuiated sateliite experience
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with solar cell power supplies surely precludes any general order of
magnitude effect, but any accelerated damage due to vacuum envirorment
could be very costly.

An apparatus was designed to simultaneously evaluate paitvs of solar
cells, one in vacuum and one in atmospheric air. The cells are simul-
taneously irradiated with 1 MeV electrons, receiving identical flux
densities.

Irradistions to date have employed & vacuum no better than about
1lx 10-h Torr, with the air in the "atmosphsric” chamber being continously
chenged to eliminate ozone build-up. Cell efficiency is measured at 2700,
with water-filtered 3hOO°K tungsten light. The intensity is the same on
each cell at about 120 mw/cme.

Representative results for several types of cell are displayed in Fig-
ures 9 through 12. Each pair of cells had the same initial efficiencies.
The- first three plots of efficiency vs flux density show no difference
between air and vacuum. Figure 12, for two 10 Q-cm P/N cells from the
same supplier, shows that the air irradiated cell consistently required
5 times the flux for equivalent degradation, for flux densities exceeding
about 4 x lOll+ el/cme. This difference was due to degradation of open.
circuit voltage, rather than short-circuit current density. A repeti-
tion of this last experiment showed & similar enhancement of the damage
rate in vacuum, but the effect was less clear. Further study of this
phenomenon is clearly needed.

Future work will employ a better vacuum and the experimental survey
of cell types will continue. We also hope to develop apparatus that allows
both irradiastions and efficiency measurement in vecuum, without inter-

ruption.
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electron flux efficiency
Diffusion Resistivity initiel @ 75% of init. @ 1015 * electron flux
Depth efficiency efficiency el/cm@ @ eff.
(1) (0-cm) (%) (1013 el/cm?) (%) (1013 el/cm?)
PZN Cells
0.4 i 11l.7 1.9 .3 22
0.6 1 13.2 1.5 4.4 33
0.9 10.3 1.5 - 3.6 8.5
0.6 1 13.2 1.4 4.5 33
12.4 4.6 5.6 85
10.5 13 5.8 120
24 9.0 L2 £.9 95
N/P Cells
0.3 1 3.6 25 6.0 120
0.5 9.k 30 5.8 120
1.0 9.7 4o 6.3 90
0.5 1 9.4 30 5.8 120
l 5 9.7 Lo 7.1 330
; 10 8.1 170 6.4 170
N l 13 9.3 150 7.0 370
21 8.9 0 6.5 200
dendritic
0.5 13 10.1 Lo 6.6 170
Czochralskd.
0.5 13 11.3 25 7.1 270

Table I. Effect of resistivity, resistivit, type, and diffusion depth on
registance to damage by 2 MeV s2lectrons. Each listing is the
average of 3 to 9 cells. The horizontal arrow shows the structure
chosen as optimum. The last two lines compare cells of dendritic
and Czochralski grown silicon, each having the chosen optimum
structure.
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T f ]

_50_4

-60—

Fig. 1—Current voltage characteristics of 8.4 Q-cm P/N celi

with 0.5 p diffusion depth, tested after exposure to different

£l ixes of 2 MeV electrons. Cells were tested at 27 °C with filered
3400 °K tungsten light at an intensity equivalent to 140 mW/cm
sunlight. Electron fluxes are shown for each curve in units of
1013 elfcm2. Numbers attached to the oblique lines are source
impedances of the cell, inG, after exposure to the electron flux

indicated.

A-8-11



PIC-S0L 209/5

12 T

10— —

Efficiency, referred to sunlight (%)

Lﬂl | |

1013 1014 1015

Flux of 2 MeV electrons (el/cm2)

Fig. 2—Decrease of effiriency with 2 MeV electron flux, for an

8.4 Q-cm P/N cell with 0.5 p diffusion depth. Cells were tested

at 27 °C with filtered 3400 °K tungsteg light at an intensity
equivalent to 140 mW/cm¢ sunlight,
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Efficiency, referred to sunlight (%)
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Fig. 3— Variation of efficiency with temperature for a dendritic

solar cell of optimum structure (13 Q-cm N/P, with 0.5 p

diffusion depth). Cells were tested with filtered 3400 °K

tungsten light at an intensity equivalent to 140 mW/cm sunlight.
Note the suppressed zero on the vertical scale.
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10 g
gl—
6 ——
4l— —Oo— Average of webbed aendvitic cells . |
—-o-— Average of simila; cells formed from
Czochralski grown silicon
2 MeV
1014 1012 1016

Electron Flux (el/cm?2)

Fiq. 4- Variation of efficiency with 1 Me"/ and,z' MeV electron flux for
N/P <olar celis of optimum design. Cells were tested with filtered 3400 °K
tungsten light at an intensity equivalent to 140 mi/cm2 sunlight .
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Fig. 5—Planned structure and corcentration
profile for initial epitaxial drift field solar cells .
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Fig. 6—Effect of 1 MeV electron irradiation on spectral

response curves of three types of cell made from

webbed dendritic silicon. The number attached to each

curve is the electron flux received in uni*s of 1016 elfcm? .
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Fig. 7—Decrease of short circuit current density with 1 MeV
electron flux, for three types of cells made from webbed
dendritic silicon. The solid lines show the average of aii

cells tested; the dashed lines represent the best group of cells.
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Efficiency. referred to sunlight (%)
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Flux of 1 MeV clectrons (el/cm2>

Fig. 8—Decrease of efficiency with 1 MeV electron flux, for

three types of cells made from webbed dendritic silicon. The

solid lines show the average of alt cells tested; the dashed
lines represent the best group of cells.
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Fig. 9—Decrease of efficiency with 1 MeV electron flux, for
1 Q-cm P/N silicon solar cells, irragiated in air and in

vacuum (~10°4 torr)  Ce|is were tested in filtered 3400 °K tungsten
light at an intensity equivalent to 140 mW/cmZ sunlight.
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Flux of 1 MeV electrons (el/cm2)

Fig. 10—Decrease of efficiency with 1 MeV electron flux, for

10 -cm N/P silicon solar cells, irradiated in air and in vacuum

(~10"% torr). Cells were tested in filtered 3400 °K tungsten
light at an intensity equivalent to 140 mW/cm2 sunlight.
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Fig. 11—Decrease of sfficiency with 1 MeV electron flux, for
1 Q-cm P/N silicon solar celis, irradiated in air and in vacuum (~ 1074
torr). Cells were t2sted in filtered 3400 °K tungsten light at an
intensity equivalent to 140 mW/cm2 sunlight .
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Fig. 12—Decrease of efficiency with 1 MeV electron flux, for

10 Q-cm P/N silicon solar cells, irradiated in air and
in vacuum (~ 1074 torr. ). Cells were tested in filtered 3400 ©K
tungsten light at an intensity equivalent to 140 mW/cm sunlight ,
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DISCUSSION

MANDELKORN - NASA, LEWIS: Can you explain vhac you mean whe you say
efficiency referred to sunlight?

MR. BABCOCK: We take standard solar cel.s, which are unfortunately not
as blue as I would like them, determine their short circuit current at 140
milliwatis per square centimeter sunlight, and then adjust our 3400 K tungsten
illumination so that the calibrated cells give the same short circuit current.
That's whet we mean by referred to sunlight.

JOE LOFERSKI - BROWN UNIVERSITY: Can you say something about this vacuum
versus air business? In an earlier paper we discussed the effect of radiation
on surfaces and it appeared there that the response to infrared radiation did
not change. It is the response to ultraviolet or violet radiation that is
readily changed by radiation. An incandescent source like the one you are
using is rich in the infrared and will not show the changes, or at least they
will be supressed.

MR. BABCOCK: Of course the situation is very different when you are looking
at the surface.

JOE IQOFERSKI -~ BROWN UNIVERSITY: What I mean is that in sunlight parhaps
the differences between vacuum and air are greater because of the greater
amount of violet and blue in the sunlight as compared with the incandescent
tungsten lamp light source.

MR. BABCOCK: Of course the use of tungsten light is only an empirical
dodge which does very little to simulate sunlight. I don't know how much of
an effect this difference would make.

RAIPH - HELIOTEK: You mentioned a lot of leakage in the dendrites on
either side of the web. What kind of leakage was this, and how much of the
dendrite did you have to remove?

MR, BABCOCK: The ¢ .ndrites are trimmed mainly to get a uniform width for
the cell and the reason we cannot meke the cell with the dendrite on is due to
the nonuniform width of the material as it is grown, rather than leakage.
Ieakage is not as important as I might have given you to understand.

ROSS - HOFFMAN ELECTRONICS: What is your actual degradation rate in
percentage per dec~de? It seems to be a little faster than 20 per cent and
that worries me a little bit.

MR, BABCOCK: For a p-on-n cell in a decade it goes from 8.6 to 6 percent
which is about 30 percent per decade. Yes, that is high. But I also have data
for an n-on-p cell. (A lengthy pause followed, which the chairman interrupted
and closed the discussion).
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EFFECTS OF SHIELDING ON ELECTRON DAMAGE
TO SOLAR CELLS

F. J. Cempbell
R. J. Lambert

Radiation damage is not Just a funetion of the solar cell 4
the entire assembly mst be consvdered in an analysis of the performance of
the power supply. In Figure 1 is shown the common form of this assembly. The
solar cell is covered with & sheet of glass, which serves as a shield against
surface erosion, and when necessary it is thick enough to attenuate some of
the incident particle radiation encountered in the Val Allen belts. On the
outer surface of the glass is an anti-reflection coating which serves to
increase the amount of light transmitted through the glass. On the inner
surface a selective reflecting filter is applled which rejects ultraviolet
energies which do not photo-activate the solar cell. This reduces internsal
heating and provides some protection against degradation of the adhesive
used to bond the shield to the solar cell.

Based on the radistion exposure anticipated for the particular orbit, the
designer of a satellite's solar cell power supply must evaluate the required
thickness and composition of glass required to provide radiation protection
(meintaining an optimum in the balance of cost, weight efficiency, .and solar
cell life) and select the most stable and effective adhesive. For example,
in the design of the power supply for SYNCOM II, preflight calculations were
based on the assumption that at the orbiting altitude of 22,300 miles, there
would be insignificant damege due to particle radiation. The solar cells
used are Hoffman p/n cells covered with OCLI 6-mil thick microsheet shields,
containing the anti-reflecting coaling and a '"blue" filter, bonded together
with Furane 15-E epoxy adhesive.

Previous experiments have been reported on electron, proton, and UV
degradation studies of microsheet glass and 15-E adhesive which illustrated
the changes in spectral transmittance observed in these and many other
materials.l Notably, the first effect is a decrease in transmittance at the
blue end of the spectra, which proceeds to fall further with increasing dose.

To'determine exactly what effect this darkening has on the solar energy
conversion efficiency of the solar cell assembly us.>d on SYNCOM II,(a study
was conducted by irradiating the individual components with 1-Mev electrons
and measuring the individual parameters by various methods. The specimen
components obtained from the power supply contractor's asserhly line for this
study were as follows:

(1) Bare solar cells (p/n)

A-9-1
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(2) OCLI covers (6-mil microsheet) bonded to fused silica hases with
adhesive 15-.,

(3) Same shields bonded to matching solar cells with adhesive 15-E

(Two specimens ol each component were lrradiated for each data point. A
third specimen was measured each time as & control check on the instruments.)
The irradiation degradation of the indivicual components should then equate
as follows:

1+2 (equivalent decrease in respouse due to darkening) = 3

Irraedistions with 1l-r=v electrons were obtained with a Van de Gresaff accelersator.
To ensure unifor ‘ty of exposure, all specimens were mounted on the perimeter

of an aluminum wheel which rotated at 10 rpm under the beam tube so that the
circular path of each specimen passed through the axis of the heam tube on

each revolution. Irradiations were conducted at different fluv densities for
each decade increment so as to maintain a reasonable time control. Exposure
time varied from 80 seconds for lolae/cm2 to 122 minutes for the final dose

of 1010e/cm?.

Spectral transmittance through the cover glasses was cobtained over the
range of wavelengths from 0.35 to 1.2 microns with a Beckman IR-4U, double-
beam, record&ng spectrophotometer. The spectra following accumulated doses
of 1013, 10%*, and 10l%¢/cm® sre shown in comparison to the unirradisted
spectra in Figure 1. At 102 there was no change from the original spectra.

One of the methods used for measuring solar cell performance and the
comparative degradation was with I-V curves obtained under illumination from
a 2800°K tungsten light source through a water filter. The percent degradation
in short-circuit current calculated frnm these measurements at successive
dose increments are given in Table 1.

This conventional method did not, however, provide sufficient information
to calculate the effect on performance due to irradiation demages to the
glass and adhesive. Since this degradation is predominantly in the visible
light region, in order to accurately determine the effect of degradation on
the efficiency of the solar cell, it is necessary to determine changes in the
cell's response with respect to the sun's spectrum rather than by the ~ommon
method of tungsten source illumination. The relative spectra of these two
sources are illustrated in Figure 2. Such a means of measuring this response
and presenting it on & recorder has recently been developed at the Naval
Research Laboratory.2 Briefly, the original instrument provided a curve
of relative spectral response at constant incident energy at all wavelengths.
Recent modifications in instrumentation have made it also possible to
multiply this response by Johnson's curve to obtain a curve representing
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the relative solar response versus wavelength actually obtained from the
solar cell or the shielded cell assembly in cperation on a ratellite's

power supply. The resulting solar response curve obtained by this method

is illustrated in Figure 3. If the curve of the degraded cover glass

and adhesive were superimposed on this figure, it becomwes apparent that

an important region of the eun's spectrum has been sitenuated. This

effect is illustrated by the several curves in Figure 4, which were obtained
with the NRL instrument. The solar response curves of the irradiated
specimens are presented rclative to the unirradisicd specimens An clectronic
integrator that will read out relative integrated response while the curve

is being recorded has been recently added to the computer circuit.

" o~
Lo e NdL vl L VA Vidae

These curves can be very helpful in design calculations for a power
supply when the information is tabulated for calculations as in Table 2.
Then, by multiplying the seliected integrals under the curve of the relative
solar response of an unirradiated bare solar cell by the average percent
attenuation in this integral due to the cover glass and adhesive, the net
decrease in short circuit current can be calculatcod. In this example, it
is about 7%. By the same procedure with a normalized curve of the irradisted
bare cell and the values of percent attenuation versus wavelength of the
irradiated glass and adhesive, the effective radietion damage can also be
calculated. Examples of these calculations are given in Teble 3. The 6-mil
thickness of glass provides very little attenuation of 1-Mev electrons, so
the shielding effect is not teken into consideration in these calculations.

As a final check on this method, the same set of solar cell specimens
was measured under the xenon-tungsten solar simulator at the Applied
Physics Laboratory, Johns Hopkins University. This light source closely
similates Johnson's curve. Calculated radiation degradation of solar
cells and the complete assemblies obtained from these measurements is compared
to those obtained by the other methods in Table 4. Table 5 lists the
calculated decrease in short-circuit current due to the attenuation of
the cover materials before and after irradiation. Here thc differences
in results by the varicus methods are obvious. With the tungsten source,
degradation of solar cells is accentuated since it is loss of response to
longer wavelengths that 1s most affected, while the change due to degradation
of the cover mr .erials is undervalued. For a reelistic analysis of degrada-
ti m, either of the other methonds described will provide practical results
that will give a closer estimation of the effects of radiation on the per-
formance of a shielded solar cell power supply.

REFERE NCES

1. Ceampbell, F. J., "Effects of Space Radiation on Solar Cell Cover Materials,"

Proc. of Photovoltaic Specialist's Conf., Vol. II, July 1963.

2. Lambert, R. J., "Automatic Computation and Plotting of Spectral Response
Data," Report of NRL Progress, Feb. 196L.
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Table 1

Effects of * Mev Electron Irradiations on
Short-Circuit Current of p/n Solar Cells
(Tungsten Light Source)

Dose % Decrease in I
(electrons/cm2) Bare Cells Covered Cells™
1012 5.7 T.4
1043 19.2 23.6
10t 39.8 4.6
10t 60.4 62.2

# Covered with 6-mil microsheet and 15-E adhesive
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Radiation Effects on Bare and Covered Solar Cells by
Caiculated Integrations of Solar Response Curves
(Figure 4)

Relative Solar Response per Increment
Wavelength After Irradiation
Increment Before Irradiation (2087 /cn - 1 Mev electrons)
microns Bare Covered Bare Covered
1o~ k3 50 36 b1 3k
A3 - .47 146 122 158 117
L7 - .50 183 17h 186 156
.50 - .60 814 70 910 638
.60 - .70 937 898 671 599
.70 - .80 952 909 438 393
.80 - .90 8lk 780 223 204
.90 -1.0 622 572 52 L6
1.0 -1.1 313 203 8 5
1.1 -1L.2 23 18 0 0
| Sum LBk LL82 2687 2192 e
Decrease due to Radlation Exposure
Bare Cells: (48ul - 2687) x 100 = 45.1%
4894
LL82 - 2
Covered Cells: ( thége) S 51.1%
Decreaee due to Cover Materials
Before Irradiation: (484 118;{%82) x 100 _ 8.4%
. (2687 - _192) x 100 _
After Irradiation: 5887 = 18.4%
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Calculation of Decrease in Isc

Table 3

Attributed to Light Attenuation by

Cover Materials on SYNCOM II Solar Cell Assemblies as
Determined from Normalized Solar Response Curves of
Bare Cells and Spectral Transmittance of Covering

Affer Irradiation
Before Irradiation (1010e/car - 1 Mev eiectrons)
Wavelength Decrease Decrease
Inc.-ement Solar in Solar % in
microns Response Attenuation Response Response Attenuation Response
41 - .43 60 20 12 51 31 16
43 - b 146 1k 20 221 25 55
47 - .50 183 8 15 2ko 18 43
.50 - .60 81k 6 50 9h9 15 142
.60 - .TC 937 6 60 8Th il.5 100
.70 - .80 952 6 60 573 9 51
.80 - .90 84k 6 52 287 8.5 24
.90 -1.0 622 T Ly 69 9
1.0 -1.1 313 7 22 6 8
1.1 -1.2 23 6 1 7.5 0
Sum 4894 336 3276 ‘ 437
|

Decreases due to Cover Materials

Before Irrediation: 330 ; 100

After Irradiation:

437 x 100
3270

- 6.9

= 13.4%
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Table 4

Comparison of Electron Damese to Solar Cell Assemblies as
Determined by Vai_.ous Methods

(Total Dose = 10%e/cm? - 1 Mev electrons)

% Degradation of I,

Method Bare Cell Covered Cell
NRL Spectral Response
Instrument
Calculated (Table 2)
Integretion 5.1 51.1
Electronic Integration y7.2 51.0
APL Solar Simulator 4o 8 L8.2
Tungsten Light Simuiator 60.4 2.2
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Tab’e 5

Decrease in I e Attributed to Light Attenuation by
Cover Materialf on SYNCOM II Solar Cell Assemblies
as Determined by Various Methods

After Irradiation
Before

Method Irradiation (lOlSe/cm? - 1 Mev electrons)
NRL Solar Response Instru-
ment
Calculated Integration 8.4% 18.4
Electronic Integration 6.2 12.8
Calculated from Attenuation
Spectra 6.9 13.4
APL Solar Simulator 8.0 16.3
Tungsten Light Simulator 5.6 9.2
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DISCUSSION

WEINER ~ RCA-ASTRO: Could you distingulsh between the amount of damage to
the 0211 and the purine 15E?

MR, LAMBERT: In this experiment there was no separation of the two. How-
ever, in previous reports that we have made we showed that purine 15E does de-
grade in transmlision quite considerably. I believe our data was carried out
to a dose of 10—~ .‘i-lrvus L 2L Sguawe cenbiuweler.

WEINER - RCA-ASTRO: We have ruvn some tests of the effect of radiation on
various materiels Ifor the Nimbus application. Our transmission curves are more
optimistic than those we have published in the past. We have some slides of this
that we would like to show. The first slide shows two different transmission
curves taken of the cover glass with a given piece of apparatus, and shows some
of the variability found when you try to repeat experiments. The cuives on the
next slide are & little more interesting. These are transmission curves for a
purine 15E coated six-mil 07940 cover glass. We have one curve at 1014, one
for 1015, and two for 10t L6 representing two different samples. They are in gen-
erel agreement with the data given by Campbell up to 1015, But for the 1016 case
we don't show a depression of the entire curve, but rather a sort of wedge-shaped
deterioration at the shorter wavelengths. This curve is for another adhesive,
XT4, on the same cover glass. You can see that the effect of damage is much
greater. If we take these absorption curves and the spectral response curves of
reference unbombarded silicon cells and multiply them together we find that the
response of the 15E combined unit is very little affected past & dose of L10L0.
This is not the case for XT4k where there 1s conaiderable degradation. We have
more date which we well be glad to discuss in private with anyone who is in-
terested.

CHERRY - NASA-GODDARD: I want to say that Fred has done a great deal of work
ca investigabing different cover glasses and adhesives under electron, proton, and
ultraviolet radiations. There is an NRL publication that has = great deal of
this information in it, This publication is available by contacting Fred Campbell.
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HIGH-ENERGY RADIATION AND SOLAR CELL SHIELDS
By Gilbert A. Haynea*

NASA lengley Research Center
INTRCIUCTIOR

Particulate radiation suzh as that found in the earth's radiation belts
poses a serious problem to scae components of earth orbiting sateliites. OSolmr
cells ere especially subject to radiation damage and often require shielding.
Shields for the light-sensitive side of solar cells muist, of course, be trans-
parent. The transparency of many materials is affected by radiation, particu-
larly by the high-energy electrons typical of the artificial radiation belt.

! Presented in this paper are data covering the effect of electron radiation on

the optical transmission of a number of transparent materials which could be
used as solar cell covers. Most samples were irradiated with 1.2 Mev electrons;
however, some irradiation was also done with 0.30 and 2.4 Mev for comparison. '

For accurate prediction of solar cell performance in a radiation environ-
ment, the effectiveness of the shielding material must be known. Data needed
to compute shielding effectiveness are scarce, particulsrly for electrons when
using relatively thick materials other than aluminum. /| Date are presented com-
paring the degradation of unshielded solar cells with that of cells shielded
with various thicknesses of synthetic fused silica, using 2.4 Mev electrons.

APPARATUS AND TEST PROCEDURE

The particle accelerators used were 1 and 3 Mev dynamitrou3 located at
Lengley and Lewls Research Centers, respectively.

Pre- and post~irradiaiion tests on the optical transmission of the shield
samples were made using a Beckman DK-1 spectrophotometer and a wide-band trens-
mission monitor consisting of a solar cell, a tungsten light, and a readout
instrument. The resolution of the spectrophctometer wes about 10 angstroms
maximum, and the repeetability was within 2 percent. The wide-band tests were
repeatable within 0.5 percent. Visible appearance was also observed. The
shielding materials tested were: synthetic sapphire, synthetic fused silics,
fused quartz, micro-sheet, nonprcwning lead glass, high-density lead glass,
nonbrowning lime glass, and solex.

Measurements were made of the solar cell short circuit current before and
after irradiation using unfiltered tungsten light at 2800° K color .. mperature
and 116 mw/cm2 intensity. All tests were made with the shields off to eliminate
any effects of the radiation damaged shields., Spectral response measurements
were made on each cell (unshielded) before and after irradiation using a set of
narrow band-pass interference filters.

‘¥Aerospace Technologist.
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RESULTS AND DISCUSSION

Irradiation of Transparent Materials

The materials chosen for testing had an optical transmission of 85 percent
or better in the solar cell response band. The thickness of each sample was
such that it approached or exceeded the penetration depth of the irradiating
electrons in material. Penetration depths were computed from the range-ene gy
curve in figure 1 (ref. 1). The penetration depth in silica (Si0p) is 0.086 inch
for 1.2 Mev electrone. Using range-energy curve for sluminum; the penetration

depth in sspphire (Alp03) is 0.051 inch.

Results are presented for a sample of most materials tested. A number of
transparent shielding materials were tested at 1.2 Mev. A description of a
sample of each material and results of wide-band transmission tests on each
are given in iable I. All samples in this table were irradiated with

2.7 X 1015 e/cm2 except the starred sample which was irradiated with

1.6 x 1017 e/cmg. The thickness of most of these samples exceeds the range
of elec.rons in the material.

The sapphire sample listed is synthetic annealed crystalline sapphire and
has & purity of 99.99+ percent. Synthetic fused silica is a materiel manufac-
tured by a vapor deposition method where SiCly is oxidized at high temperatures.

Materials produced by this method may contain as little as 0.2 ppm impurities.
Fused quartz is menufactured by fusing natural quertz crystals at high tempera-
tures. By this method purities of 99.8 percent have been obtained in commer-
cially available quartz. Corning No. 8362 is a cerium doped lead glass, and
Corning No. 8365 is a cerium doped lime glass. Cerium tends to inhibit radia-
ticr darkening of glass and also enhances recovery from discoloration. Corning
Nc. 0211 or micro-sheet is & fire-polished drawn glass available in thickness
from 0.006 to 0.026 inch. Solex is a heat absorbent glass with a large iron
content.

The wide-band transmission recults indicate that a dose of 2.7 x 1010 e/cm2
causes no measurable damage over the solar cell response region in sapphire or

synthelic fused silica. A heavy dose (1.0 x 1017 e/em?) will cause less than

2 percent damage in synthetic fused silica (starred sample). Only two of the
nine kinds of fused gquartz tested are represented. These are a slightly damaged
sample and & hesvily daaaged sample. Other types tested that loet less than

7 percent in wide-band transmission were Amersil Infresil, GE 105, and GE 106.
GE 104 losi less then 1 percent in transmission at the listed dose.

The samples of Corning No. 8363 and No. 8365 did not change in transmission
in the solar cell response band. However, the sample ¢ Ccrning No. 83%62 devel-
oped electron discharge patterns or Litchenberg Figures (ref. 2) after a dose of
abouot 7.4 . lOlh e/cma. Such imperfections cause attenuation of light being
trensmitted by the sample; thus, a loss in transmission was seen. The densities
of these materials are relatively high so the penetration depth of electrons in
them is less than in quartz.
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The sgample of Corning No. 0211 listed was 0.026 inch thick. By virtue of
4ts thinness the majority of the incident electrons were transmitted. There
were samples of this material irradiated that were only 0.006 inch thick. These
samples lost only about 2 percent in wide-band trensmission. The solex tested
exhibited good radiation resistance.

Figures 2 through 5 show the spectral transmission of some of the materials
befors and after irradiation. Figure 2 represents sapphire. At a dose of

2.7 x 1045 e/cm2 no change occurred in the transmission. However, after a dose

of 1.0 x 1017 e/cm2 a very small decrease in ultraviolet transmission occurs.
Ssyphire also developed a slight discoloration.

Figure 3 represents synthetic fused silica before irradiation and after

several doses. Notice that at & dose of 1.0 X 1015 e/cm2 the transmission
degradation is primarily in the ultraviolet. But as the dose increases the
degradation extends into the visible. Associated with the visible transmission
degredation is a slight bluish visible ,coloration. The depth of this dis~
coloration in the material appears to approximate the penetration depth of

1.2 Mev electrons in S5i0,.

M gure I represents a lightly damaged sample of fused quartz. There is
degradation of transmission in the UV, and visible regions with some degradation
in the infrared. Notice that an absorption meximum appears to be centered at
0.55u. Damage to other types of fused quartz differed in degree only from that
shown in the figure. The absorption maximum and the spectral range of the
demage were characteristically the same. Associated with Lhis absorption maxi-
mum in the visible is a discoloration that is proportional to the degree of
absorption. It varies from a faint brownish color for the lightly damaged sanm-
ples to a deep purple for the heavily damaged samples.

Figure 5 represents Corning No. 8363 high-density lead glass. A dose of
2.7 X 1015 e/cm? causes very litile damage in the region of the spectral cut-off
for the sample. The transmission decrease in the solar cell response reglon is
minute thus explaining negligible wide-band transmission loss for this sample.
Even less damage occurred in Corning No. 8365. The Corning No. 8362 sample
showed a substantial decrease in spectral transmission. However, this decrease
was not due to discoloration but to electron discharge patterns as discussed
earlier.

Most of the damage to Corning No. 0211 occurs in the visible region. This
material has a spectral cut-off at approximately 0.35u. It also had a brownish
visible appearance after irradiation.

Pigure 6 shows damage versus flux curves for several materials. These
curves show that damage to materials is nonlinear, and the damage occurs at
relatively low fluxes as pointed out by curves c and d.

It is believed that the impurities in the materials are the main cause of
discoloration or absorption in the visible. Demage to UV transmission is thought
to be caused by defects in the atomic structure of the material (refs. 3 and 4).
These theories are borne out in the quarte teste. The very pure synthetic fused
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silica degraded relstively little while the less pure fused quartz degraded
substantially. There are excepticns in the cases of the cerium doped glasses,
. and Solex which have high impurity contents.

Shown in table II is & tabulation of the relative effects of 2.4, 1.2, and
0.30 Mev elect.ons on the wide-band transmis:t >n of four materials. Not all
materials were irradiated at all energies. However, from data in the table the
damage to the optical transmission of the materials appears to be move energy
dependent than flux dependent. Notice that for sapphire the extremely large

dose of 1.0 X 1017 at 1.2 Mev causes no wide-tand transmission damage while at
one-tenth the dose wiih 2.4 Mev electrons the trancmission degredes. There is

a 8imilar occurrence for all of the samples listed.

Solar Cell Shieiding Tests

Figure 7 shows the degradatior vs. integrated flux for typical N/P cells
both unshielded cad with synthetic fused silice shields of several thicknesses.
The atmospheric density satellite (12-fcot sphere) cells were covered with
1/8-inch shields. The Explorer XVI power cell trays had 3/16-inch covers. The
aspect sensor on S-55C satellite will use a 1/k-inch synthetic fused silica
cover.

The parameter shown in the figure is short circuit current. It was meas-
ured using a tungsten light source and the data corrected for space sun
(air mass = 0). The 2.4 Mev energy was the highest available at the time and
it is reasonably typical of the artificial belt electrons. This energy hsas a

practical range of 1.1 gm/cm2 in 8105 (corresponding to 0.197 inch of synthetic
fused silica).

From the figure it can be seen that the shields substantially increase the
critical flux f. (flux required to produc: 25 percent damage). A 1/8-inch

shield increases f, by a factor of 6.4 over that for a bare cell; a 3/16-inch
shield increases f. by & factor of 48 or more; and a 1/k-inch shield increases
fo by a factor of over 1000. These factors are considerably larger than those

deduced from data given by Marshall and Ward for electron transmission of alu-
minum foils (ref. 5). Possibly & large number of the straggling electrons had
energies too low to be effective in damaging the cells.

CONCLUSIONS
1. Sapphire was found to be practically unaffected by radiation in the

spectral response region of solar cells.

2. Synthetic fused silica is damaged primarily in ultraviolet transmission,
thereby it is an excellent material for use as solar cell covers.
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TABLE I.~ EFFECT OF 1.2 MEV ELECTRONS ON SEVERAL MATERIALS

[Dose 2.7 x 1015 e fen?]

glass

L

Wide~band
Manufacturer Trade name Type transmission
loss, percent

Linde Company Sapphire Annealed 0
sapphire

Corning Glases Works Corning No. 7940 | Synthetic fused 0

silica
Dynasil Corp.* Dynasil Synthetic fused 1.5
’ Optical Gr. silica
Amersil Quartz Amersil Fused quartz 1.8
Division, Engelhard Optical Gr.
Amersil Quartz - Fused quartz 41.6
Division, Engelhard

Corning Glass Works Corning No. 8262 Nenbrowning 2.k
lead glass

Corning Glass Works Corning No. 8363 Hiih-density 0
ead glass

Corning Glass Works Corning No. 8365 Nonbrowning 0
- lime glass

Corning Glass Works Corning No. 0211 Drawn glass 7.6

. e ———— e e e Solex Heat absorbeut 2.7
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TABLE II.- COMPARISON OF SEVERAL MATERIALS IRRADIATED WITH

ELECTRONS OF 3EVERAL ENERGIES

trade e | Mgkt | B, | DT | irnsision
loss, perceunt
Annealed sapphire 0.120 2.k 1.0 x 1016 0.9
0.080 1.2 1.0 x 1047 0
0.040 0.30 2.7 x 105 0
Synthetic fused 0.250 2.4 1.0 x 1016 3.9
silica
0.125 1.2 1.0 ¥ 103 1.5
| 0.125 0.30 2.7 x 10%7 0
Fused quartz 0.0935 1.2 2.7 x 107/ 30.0
0.0935 0.30 27 x 101> 5.3
Corning No. 0211 0.026 1.2 é.; ;";U*w 7.6
0.026 0.30 2.7 x 10%2 3,2
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Figure l.- Range-energy relationships for electrons in aluminum.
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Figure 2.- Transmission of annealed sapphire before and after irradiation
with 1.2 Mev electrons.
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fMigure 4.- Transmission of fused quartz before and after irradiation
with 1.2 Mev electrons.
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Figure 6.- Damage vs. flux curves for 1.2 Mev electron irradiated

materials.
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The electrical power used in space exploration-except for some missions
of short duration where ordinary batteries are used-is derived from photo-
voltaic solar cells, in particular, Silicon (Si) solar cells made of single
crystal Si with a np junction,resr but beneath the surface of the incident
sunlight. With optimization of the junction polarity (np versus pn) and
the base resistivity of Si, the power of the solar cells deteriorated to

75% of the original velue in & matter of hours in space.

With a protective

glass shield, however, the deterioration rate is of the order of weeks and

months, depending on the orbits of the satellite.

Therefore, the search

for solar cells with high resistivity to radiation damege continues to be

important.

Some iccent attempts have been made to use different materials other
than Si, as described in the work of Wysocki, Perkins (GaAs), Aldrich (CdTe),
Deshotels and Augustine, Chamberlin and Skarman, Schaefer and Statler, and
Brandhorst (CdS), Werth (Ge) of the present Proceedings of Photovoltaic
Specislist Conference, and Webb (GaAsy_yPy) of the 1963 Proceedings; or on
using Si with different doping impurities, as reported by Mandelkorn. The
consideration of replacing Si by other materials involves multitudes of
problems and is not likely to become decisive for at least another five

years or so.

On the other hand, we cannot readily evaluate or appreciate

the effect on the radiation resistivity of different impurities, mainly
because the physical evidences are either not known or not shown as yet.

The present paper reports yet another attempt to improve the radiation

resistance by & modification of Si solar cells.

Before entering into

specificities, we would like to make a phenomznological division of solar
cells into two categories: (1) Films and (2) Bulk.

In this picture, single crystal GaAs solar cells and the modified
Ga(As,P) solar cells belong to the first category, because of their direct
transition mechanisms confined to tue generation of hole-electron pairs in

shallow regions of the order of a few microms.

Si films or the type of Si

cells considered by Wolf and Ralph in the present Proceedings &also belong
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to the First category in spite of the fact that Si has an indirect-band
transition. The reason is the following: ©Si has a wide region of spatial
dispersion of photons whose energy is larger than the band gap. Thus, the
geometrical thickness of the film type of solar cells is smaller than the
reciprocal of the attenuation coefficient of the usable and availsble photons.
Of course, CAS and CdTe film solar cells belong to the first category.

At present, Si single crystals are a unique exampie of the second category.

These two categories of solar cells behave differently in their radiation
properties and are pronouncedly manifest by their low energy proton radiation
damage which is due to a stror, attenuation of the penetration depth of the
low energy protons. For film solar cells, therefore, at some erergy range,
the radiation demege could occur in the critical region of *the photovoltaic
electron-hole generation, and tke consequence will be a catastrophic deterioration.
On the other hand, bulk solar cells operate on electron-hole pair generation
from extended spatial regions and the radiation damage from charged particles
of any low energy will not strongly effect the resultant cell performance.

We will elaborate on this point later when we discuss some specially fabricated
drift field solar cells, because for technological reasons, drift field solar
cells might manifest in some aspects the radiation damege of the film solar
cell type.

Drift Field Solar Cells-Historical Review and Theoretical Problems

The physical mechanism of creating a drift field in semiconduv.tors by
introducing an impurity concentration gradient and its effect on the
acceleration of minority carriers is well knownl, and the particular applica-
tions of this concept to solar cells has been documented by Woi..2 Experimental
samples of drift field solar cells have been fabricated by Electro-Optical
Systems, Tnc.3 The method used was a double diffusion of concentration
gradients on both the front and back of & very thin Si p-type single crystal
a few hundred microns thick. The initial result beers out the "slow decsy"
of the relative power output versus logarithmic integration flux cf electron
radiation. This is in agreement with tnat expected fiom the drift field
mechanism. By relative power, we mean the power at any accumlated flux
damsge divided by the initial power.

From a theoretical standpoint, as we’l as in practical applica-ion, we
have to discuss the absolute power-or in a collogial and not in a precisely
described term-the efficiency. The early measurements, duc to the scarcity
of samples, also have not been extensive insofar as different energies and
the types of charged particles are concerned. Probably the most practicel
limitation, however, is the very low yield resulting from the practicular
fabrication techniques.
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By the summer of 1963, the most natural avenue of furthering this work
became obvious: introducing the drift field by epitaxial growth of Si on a
Si substrate with vastly different impurity concentrations. The megnitude
of concentration differences is in the order of 10" to 10°. The resultant
voltage V is froml,

Nl
V = KT log —, (1)
2
where N, 18 the concentration at the place where the dril" field is

initiated; X 1s not necessarily equal to x;, the distance from the surface
to the np junction. We tske the value of x at the surface to be the origin,
N; is the concentration at the end ~* the drift field x;, and, again, x; is
not necessarily the thicknzss of the solar cells except in the case of the
originel EOS solar cells.3 From (1),

v 10% to

0.20 eV. for N1/N,

0.30 eV. for Nj/N, = 100

In the design of solar cells, it is more important to consider

where

V (x) = kT log Cl(X)

CQ(X)

and C (Xl) = N, Co(x,) = Ny. The exact form ot Cy(x) and Co(x) is the so-
calle& cOneentration profile. In discussing the present status of drift
field solar cells, we shcald first point out that there is no satis: actory
method for experimental determination of the concertration profile.

Assuming C(x) has been determined, and furthermore, the mobility and
the diffusion coefficient are constant throughout the appropriate (n or p)
regions, then the short circuit current of the solar cell can be calculated
from a steady state transport equatiomn. Wolfe has solved this equation for
cases involving the range of numerical values of parameters considered above.
But in reality, these parameters are spatial variables. and thus the nature
of tBe differential equation does not guarantee the validity of an interpolation.
Keye™ and our own gronp are presently studying the solution of the transport
equation of the minority carriers with variabi= parameters.
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A limitation on the confidence »f the solution of the transport equation
is not a theoretical one, but is caused by the present lack of data on the
ophical shsorptior coefficient of Si ir the region from 0.4 tn 1.1, for
keavily doped 3i. All the current calculations make a tacit assumption of
the validity of the early results of Dash and Newman> and of Braunstein, et al.6;
the former were measured on Si of low impurity concentration (20 chm-cm)
ard the latter on pure Si. Mmly an experimental verification of this
assumption car make thre present theoretical calculation meaningful. In
fact, if tke corcentration aependence of the optical absorption is appreciable,
we have ar i-homogereous system where the experimental decay of the intensity
also will not be valid.

Firally, treatirg the mathematical results presently available as
ogvantitatively satisfactory, we then can proceed to design drift field cells
with special radiation resistance. In this respect, we should note that the
cimade empirical formula

=1+ Kb

i
T 7o

does not describe well the behavior of the decay of the short circuit current
in the course of the accumulation of radiation flux, and we will discuss this
point again when considering the experimental results.

Drift Field Sc .ar Cells - FExperimental Problemg

We have mentioned central problems cf drift field cells; namely, introducing
s concentration profile in the ordinary np solar cells. The elementary division
of different procedures of preparation are:

1. gSirgle crystal front, epitaxial back,
2. Reverse of the above.

The shallow ap juncticr and the drift field will be located on the front. The
source cor the sink of the impurity canr be either the epitaxial or the single
crystal. The physicai principle is clear but the fabrication problems are
multitudinous. It will not be possible to make & concise description without
urdermining techrologicgl complexities. Therefore, we should refer to the
latest technical repcrt®.

At present, on the one hand, the efficiency and the uniformity of the
product does no>t warrart a report of the numerical values of the characteristic
parameters attained; on the otker hard, there are slreuady many alternatives
or remedies to the presert deficiencies. It seems realistic to hope within
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the next six months that drift field s~lar cells of sufficient quality and
quantity to attain our theoretical expeclaticns will beome available.

Drift Field Solar Cel - - on Damege Ext .lsents

e v . W

At present, criteria wk.<h .. & e uscd b 'y the effectiveness of
the drift field solar cells, ‘re

1. An improvement in tre 4u.n..m pield at long wavelengths; and

2. Relative redu:tion of the g. ntum yield due to the radiation damage
in long wavelength regions should rot be sxcessive in comparison with that
i.. short wavelength regions.

We shall explain the physicel basis for these two qualitative criterisa
in the following.

Criterion 1. The basic mechanism of the drift field is to accelerate
the minority carriers creaced in the base 1:gion (i.e., electrons in the
case of np solar cells) to reach the junction for collection. In ordinary
solar cells, if the product of the diffusion mobility and the lifetime of
the minority cerrier is shorter than the distance from the location of
electron-hole pair creation to the np unction, the minority carrier will
be unasble to reach the junction, and therefore, it cannot contribute to
the photovoltaic current. The drift field is designed to improve the
probability of collection for these minority carriers with a short lifetime.
Figure 1 illustrates this point: the brnader distribution of the quantum
yield at the long wavelength asc exhibited by = drift field solar cell.
However, there is a mechanism fto invalidete our criterion: the minority
carrier lifetime decreases & the impurity concentration increases. The
net effect of this mechanism has not been ccensidered.

Criterio» 2. 1In ordinary cells, the radiation damage results in a
decrease of the quantum yield only in long wavelengch regions, as illustrated
in Figure 2a. Now, if the drift field is functioning, we should expect the
damage not to be excessively selective with regard to wavelength, at least
for wavelengths which have a corresponding optical absorption coefficient
smaller than the reciprocal of the distance from the surfac= to the base

side of the np junction. This feature seems to be supported by the experimental
data of Figure 2b.

An important observation is the large cecrease of the open cirenit
voltage in the drift field solar cells due to the electron radiation damage
{Figure 3). The data of Figure 3 is taken with a xenon arc lamp with
100 mw/cm€ illumination. We observe an initial decrease of short circuit
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current after & u« 1044 /0af electrons of 1 Mev, but the rate of the decrease
or further radiation is lessened, and there 1s an indication of reaching the
saturation of the damage, or in some instances, even a recovery at least

in ce tain wavelength regions, indicating an initiation ¢f anncaling. This
skould be expected to occur in the case of a very high concentration of
defects. The disheartening effect is the decrease of the open circuit
voltage, worse *than the case of the ordinary np cell, as illustrated in

the accompanying sketch (Figure 3). One possible explanation of this
phenomenon is the localization of the defects. For example, these defects
ocenr in the region whare the np junction field effact has tapered off and
the effect of the drift field has not commenced. Typically, this region is
from 5 to 25, ip width. This <xplenation is in line with the radiation
damage of low energy protons as discussed in the Introduction.

Conclusion

We have describzd, in the present paper, our present knowledge of the
drift field solar cells and offered some interpretations of the problems.
In doing so, we have attempted to retain basic physical concepts, and to
avoid some heuristic assumptions and nonessential simplificetions. As we
have seen, present knowledge of the drift field solar cells, or even all
solar cells in general, is not sufficient to make an evaluation or a pre-
diction. The immediate program remains a large experimental effort on
preparing solar cell specimens, and on careful theoretical analysis.

The drift field solar cells used ir the present studies were produced
by Electrc-Optical Systems, Inc., Heliotek, and Texas Instruments, Inc.,
under a NASA contract with Goddard Cpace Flight Center. We take this
opportunity to express our appreciation for their enthusiastic cooperation
and many ill-ainating discussions. We would like to acknowledge the help
of Mr. W. Gaula in our experimental work. This work is being carried out
under the guidan:e and with the encoursgement of Mr. M. Schach. The
cooperation of the Insulation Section of the Naval Research Laboratory,
under Mr. Emanuel Brarcato, 1s gravelfully acknowledged.
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DISCUSSION

In your last slide what was the light intensity?
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Abstract

a9

Fabricatio. of '"controlled-junction' solar cells by implantation of appropriate
doping ions into bulk gilicon has been demonstrated using a Van de Graaff ac-
celerator. Boron ions of energy 100 keV to 1. 5 MeV (0. 35 to 2. 3 microns)
junction depth respectively) were used to form P-type surface layers while
phosphorus ions of 300 keV energy (0. 51 microns junction depth) were used
for N-type layers. After being passed through an analyzing magnet to obtain
a spectroscopically pure beam, the accelerated ions were scanned by electro-
static deflection plaies iv obtain uniform irradiation of the sampler. Doping
concentration could be varied as a function of depth in the crystal by pro-
grammed rotation of the slices about an axis perpendicular to the beam. In
this manner it is possible to arbitrarily insert a ''drift-field" in the surface
region to study the effect on carrier collection efficiency and radiation damage
resistance.

This technique is being studied as a means of producing high efficiency single-
crystal cells and as a method for forming junctions in thin-film polycrystalline
silicon c=lls. The state-of-the-art for these applications is discussed in terms
of factors affecting cell efficiency, drift-field effects, radiation damage and
annealing effects, and thin film deposition techniques.
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SOLAR CELLS PRODUCED BY ION IMPLANTATION DOPING

W.J. King and J. T. Burrill

lon Physics Corporation
Burlington, Massachusetts

1. INTRCDUCTION

This paper presents the results of an investigation in which radi .-
tion, or more exactly a beam ol “ccelerated particles, has been used to
make rather than destroy sclar cells. The investigation was initiated
three years ago by IPC and has been supported for the last eighteenmonths
by the Research and Technology DPivision of the United States Air Force.
Basically, the objective of the program is the development of an ion im-
plantation technique for economically fabricating high efficiency, high
yield single crystal silicon cells. It is anticipated that higher efficiencies
may be obtained by inserting a drift field immediately adjacent to the sur-
face to overcome high surface recombination velocity and increase collec-
tion efficiency at shorter wavelengths. This may be accomplished without
exposing the cell to temperatures greater than 8C0°C, thereby - ning

bulk lifetime and red response.

Additionally, the program is directed at achieving a me:i
controlled doping of silicon layers during deposition for thin film cella.
The object is to provide a mating of techniques, yielding the ability to
deposit thin film cells with a drift field in the bulk region for better col-

lection efficiency and radiation resistance.

Currently the program is divided into two corapletely separated
sections; ion implantation doping and thin film silicon deposition. This
discussior is limited primarily to the former since the deposition tech-

niques are w1 an early stage of development.
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In vrinciple, the rnajor technical advantage of the ion in.plaata-
tion techrique lies in the capability of accuratzly producing the required
impurity concentration distribution in a reproducible manner. The main
energy loss mechanism for heavy charged particles in matter is the
proceass of ionization. ! Elastic nuclear scattering becomes important
only at the end of the range where the ions are movi v slowly, and for
this reason heavy ions have discrete ranges, It is precisely this prop-

erty that makes i:nplantation appealirg as 2 '"controlled’ doping technique.
ty p P g ping

<]
o
“l
[¢]
e
-
13}

This discrete range characteristic occurs in amorphouus o1 p
materials and in single-crystal materials along most directions. By a
suitable choice of ion species and implantation porameters, it is possible
to dope n- or p-type in silicon ~r, in principle, in other semiconductor

materials.

2. EXPERIMENTAL APPARATUS AND TECHNIGUE

Figure 1shows schematically the general apparatus and procedure
used in making solar cells by this technique. A high energy (50 keV -2
MeV) Van de Graafl electrostatic accelerator is used to accelerate boron
or phosphorus ions from an R} ion source to the energy corresponding to
the junction depth desired. The beam is passed through an analyzing mag-

net to remove all contaminating ion species. This spectroscopically pure

beam is then scanned vertically and horizontally to a uniform cross-section

larger than the sample area. Finally, it impinges on a silicon slice mounted

in the t2rget position in such a way that it can be rotated continuously from
a position normal to the beam to a position parailel to the beam. Since the

ions have discrete ranges independent of incident angle, the distance below

the silicon suriace at which the ions come to rest is determined by the angle;

i.€. N
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Xp =Ry sin 6 (1)
where Xp = penetration depth perpendicular to surface
RE = range of the incident ions in Si at energy &

6 = angle between incident direction and Si surface.

By rotating the sample continuously while the beam energy is held con-
stant, a continuous implantation of ions is obtained from the surface to

a deptl. corresponding to th¢ maximum range. Durinqg implantation,
beam current is held constant. Since the incident flux rate decreases
with 6 a servo system is used to control the speed of sample rotation
and therefore integrated flux at any given depth below the surface. A
variable program controlling the servo system controls the concentra-
tion gradient and can be used to vary junction profiles. The entire sam-
ple irradiation chamber is enclosed in a clean bench to prevent channel-
ing caused by dust particle beam shadowing. The latter was found to be
one of the limiting factors in nroducing devices by this technique. If
dust particles of size larger than twice the ion range are present on the
sample surface during implantation, small channels heneath the particles
do not become properly doped and leakage channels result. If the channel
or channels occur beueath the front cuntact they can markedly affect the

cell characteristics.

In the geveral procedure, the slice are first lapped to a 5.0p
finish and then etched to a smooth surface in a 5:1:1, nitric, hydre
tluoric, acetic acid etch. All final pre- .mplantation cleaning o} erations
on the samples are performed in the clecan bench area at the macnaine, the
cells then being transferred directly into the implantation chamber. To

remove dust particles, the best procedure found was 1 surface scrub with
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a trichlorvuethylene dipped cotton swab {ollov.ed by a trichloroethylene
vapor degreasing. After post-implantation annealing Ti-Ag contacts

are applied.

In addition to inserting doping atems into the crystal lattice, the
implantation process also creates a high degree of radiation damage.
Temperatures required for annezling this damage are normally in the
300°-600°C range as shown by reflection electron diffraction studies
of lattice structure. Celis are, however, typically annealed at 800°C
for 16 hours in vacuum since these higher temperatures have been found
empirically to give higher efficiency cells. This latter result has been
tentztively ascribed to an activation energy required to transfer im-

planted atoms from interstitial positions to lattice sites.

At the present time ion energies are in the 300 keV range although
values as high as 1.5 MeV have been studied. Optimization of cell char-
acteristics is expected to reduce the maximum requi~ed energy to <100
keV, a value where relatively inexpensive air insulated accelerators may
be used. Van de Graaff accelerators have proven very useful in this type
of investigation h- .ause of their inherent control of beam current, energy
and energy spread. The latter is controlled to better than 1 keV which
represents a _pread of only . 33% at 300 keV correspondmg to a range
spread for P 31 ions of approximately 13 A in 4, 000 A Any straggle
in junction definitica is primarily due to statistical variations in ion
range, and impurity movenient during annealing. All of these factors
can be controlled to give a junction depth control of better than 0.1

microns.

Figure 2 shows ang. -sections of two typical junctions. The
11 .
upper one is a microphotograph of a 500 keV B ~ implanted sample with

a junction . 76y deep following the surface unevenness exactly. The lower
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one is an interference micrograph of a more highly polished sample

implanted with 300 keV P31 ions to give a very flat . 51 deep junction.

Figure 3 gives a summation of the accumulated range-energy
da*ta compiled at IPC from junction depth measurements on silicon
samples implanted with B.11 and P31 ions. These data agree fairly
well with those found by more conventional techniques and are useful

in predicting ion energies required for different junction depths and

profiles.

3. CELi, CHARACTERISTICS

The electric drift field in a given region due to an impurity

. . c 2
concentration gradient is given by

S
E=-};2.A-l-;.1n NA’NDlxl (2)
2
where k = Boltzmann constant
T = absolute temperature
q = electronic charge
NA = density of ionized acceptors
ND = density of ionized donars
X| 20Xy = layers 1 and 2 in sample, respectively
Ax = distance between layers x, and x,,.

1 2

Typical concentration profiles suggested for studies on drift field effects
in this program are shown in Fig. 4. These are linear, 10:1, 100:1 and
100:1 - linear impurity concentration gradients from the surface to the
junction with steeper gradients being available if necessary. Since the

program involves development of an entirely new technique, it was
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found that other effects, such as lzakage, were masking drift field effects
and ccnsequently most cells have been arbitrarily implanted with profile
A. This profile, if present in a 0. 5 deep junction introduces a drift
field of approximately 4, 700 volts/cm from the surface to a point 0.25p
below the surface. Fields .re, of course, prupuriivnately lower for
deeper junctions; i.e., the same absolute concentration variation then
appea~s over a more extended region. It should be noted that the results
of Tannenbaum3 and Iles and I.,eibenhaut4 indicate that the actual pro-
file in a shallow diffused junction is flat near the surface with a sharp
fall-off at the junction. Such a profile does not give an effective drift
field right at the surface where it is most required. The present tech-
nique has the capability of investigating what might be called a trne sur-

face field.

Initial efforts were concerned with p on n cells using B11 as the
implanted species. Although the highest efficiency obtained in these
early investigations was 8. 5% (2800°K tungsten - 140 MW/cmz) some
of the results were interesting as trend indicators. This is particu-
larly true of spectral response curves as shown in Fig. 5. In this fig-
ure, a very marked "blue shift' with reduced implantation znergy and
therefore reduced junction depth, may be seen. Efficiencies of the
varioug cells were taken under 2800°K tungsten light and solar simu-
lator (Spectrosun) illumination at 140 MW/cm2 and the drop-off vs.
implantation energy is shown in Fig. 6. Spreads in measured values
are shown as vertical bars with single value points having no bar. From
this graph, it appears possible to manufacture cells by this technique
which are almost as efficient under solar illumination as under tungsten
illumination. The problem is one of decreasing ion energy and junction
depth while maintaining the series resistance at a low value by increased

doping,
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At this point the program was switched to n on p cells using P3
as the implanted ion species. One of the primary objectives has been
a determination of the profiles of physically implanted and electrically
active ions. The actua. concentration distribution of implanted ione
was determined by implanting a cell with P3 1, then irradiating with

29

thermal neutrens to develop P”" which de cays with a 14, 4 day half-

life generating a 1.7 MeV beta particle; viz

o = 0.2 barns
P31 +n - 1332 (3)

14. 4 days
P32 - 532 +p (4)

The profile was determined by measuring the amount of activity re-
maining after successive 400 1& layer removals by anodization and
etching. Figure 7 shows the distribution found for a 100:1 - linear
profile implanted at 800 keV. It was found that anodization was ex-
tremely difficult due to the radiation damage resulting from the neu-
tron irradiation and it was necessary to anneal at 930°C for 5 minutes
before the experiment could be carried out. This was in addition to
the standard 800°C anneal and almost certainly affected the distribu-
tion through radiation enhanced diffusion effects, especially in the
region removed just after anneal. The general profile, however,
still corresponds to that implanted. The error bars are representa-
tive, getting progressively larger as the counting rate gets lower while
the dashed line represents a sudden drop to a very low value at the

junction.

The profile of electrically active phosphorus was obtained for
a similar 100:1 - linear implanted and annealed sample. This was

accomplished by a more or less standard techrique of measuring sheet
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resistivity by the 4-point probe technique, combined with successive

anodization and etching procedures.

Figure 8 shows the results with the error bars again showing
representative values. The general profile is similar to that obtained
for the physically present ions but the initial 100:1 drop is not repro-
duced. This is believed to result from radiation enhanced diffusion
effects during the radiation damage anneal causing a marked out-diffusion
from the implanted region to a non-implanted 1, 000.& surface layer. The
latter occurs because the prograinmed sample rotation covers only the
angles 5° - 90° between the incident beam direction and the sample sur-
face. Implantation is stopped at 5° since rotation through decreased
angles effectively causes a decrease in flux density for a constant total
beam. Speed of rotation is progfammed to compensate for this decrease
but as the angle approaches 0°, the required implantation time approaches
infinity. For practical reasons, rotation is stopped at 5°. This effect is
avoidable at lower energies by programming machine energ, rather than
sample rotation. At the presex:t time this out-diffusion is being avoided
by in~planting through a 1, 000 A oxide layer which is removed prior to

annealing, but profiles for these cells are not yet available.

The profile studies presented were for the profile arbitrarily used
in most of the IPC cells. A study of the change in cell characteristics
with variations in the implanted profile is just beginning. Using the 100:1-
linear profile, current cell efficiencies are in the 10-11% range under
tungsten 1llumination and 7. 6-8. 1% under solar illumination. One of the
most striking features is the consistency of the process. As improve-
ments in cell performance are made it is notable that almost all cells
come off with the same increased efficiency, although this is partially due

to the individual care they receive.
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A typical spectral response for one of the later cells is shown in
Fig. 9. If the same blue shift occurs with decreased implantation energy
as occurred for the p on n cells, and if the anticipated efficiency in-
creases are achieved with decreased depth, improved profiles and in-
creased doping, it should be possible to produce cells which are 10-12%
solar efficient by this process with a very high yield. Reductions in im-.
plantation energy should result in an economical process since a low
priced. high current air insulated voltage supply could be used for ion

acceleration.

Another possible application of this technique is in fabricating
drift field thin film solar cells. The objective here is a process in which
a layer of polycrystalline silicon is deposited and simultaneously or alter-
nately implanted to give the desired doping level. Layers could gradually
be built up giving the required concentration profiles and p - n junction.
Appropriate drift fields would greatly improve radiation damage resis-
tance. For this purpose IPC has been studying two possible deposition
techniquzs. The {first of these involv. s a process in which substrates are
immersed in a SiHC13 fed plasma sour ‘e. <dlectron bombardment disso-~
ciation of the SiHCl3 produces sit ions which impinge randomly on the
substrate and become attached at nucleation sites. The basic premise of
the program is that random velocity ions have zn enhanced probability of
satisfying the requiremrents of all '""open'' positions in a growing lattice,
particularly if the substrate is heated to give the ions additional surface
mobility. This plaema deposition process can economically be applied to
film areas larger than 200 cm?, Si films up to 10p thick with grain size
> 1 micron have been grown by this method. At the present time, film
contamination and inadequate grain size preclude the fabrication of useful
cells. With a useful base layer, the ion implantation technique could be

used to make the p - n junction with some assurance of control.
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The second technique involves high vacuum sputtering, high
vacuum being 10'6 torr or Jess. Since this program is in an early stage
and involves a proprietary IPC process no further coniment will be given

at this time.

¢. SUMMARY

In summary, ion implantation looks promising as a highly con-
trolled technique for manufacturing silicon solar cells. Through proper
manipulation of implantation parameters it appears possible to make
high solar efficiency cells ynder high yield conditions. Assuming a de-
veloped technique for depositing useful thin film silicon layers it should
prove useful as a doping technique to provide drift fields for better col-

lection efficiency and radiation damage resistance.
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DISCUSSION

BOURKE - ALLISON: In your measurement of junction depth how did you say
you removed a layer at a “ime?

MR, KING: We used anodization etching procedure developed by Tannebaum
at Beil Tabs. I'm not sure of the solution, I think it was a sodium borate-
boracic acid solution. I &on't know what the voltage was off hand. You can
Lcll by the interference colors what the thickness is.

BOURKE - ALLISON; What were the best efficiencies you observed for your
cell?

MR. KING: 10 to 11 percent under tungsten, 7.6 to 8.1 under solar
illumination.

GOLDSTEIN - RCA: What are typical values for the bombarding currents of
phosphorous and boron?

MR. KIIIG: Very low. This is one of our main problems at the present
time. 1 to 10 microamperes both for boron and phosphorous.

GOLDSTEIN -~ RCA: Why are the currents so low?

MR. KING: We use a Van De Graaff because it is very effective for this
type of investigation. We have problems with the ion source. However, there
are ion sources which could be used with an Aair insulated machine to give 100
microamps up to milliamps rather than microamps. In other words if we reduce
the energy to the 100 kilovolt range, we can make an economical process out of
it.

GOTDETEIN - RCA: Would you anticipate that your samp™ > might get unduly

hot under those conditions?

MR. KING: No, I don't think so. As a matter of fact we irradiate them
cold in liquid nitrogen.

GOLDSTEIN - RCA: There was a point I missed about your 80¢ *7 16-hour
anneal. Did you mention that this did have some effect on vhe implanted
impurity distribution?

MR. KING: I think it does but I'm not absolutely positive. It appears
to vary at different times depending on the material e get. . ~ppears to
be an enhanced diffusion effect. We are now keeping the temperature at 750
and we don't see any of these effects. We can control it to something like
% tenth of a micron.

GOLDSTEIN - RCA: Even with the 16-hour anneal?

B-2-20
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MR. KING: Yes, with phosphorous 31 and 300 kilovolts we get a half micron
deep junction and very flat. We have done 100 kilovolts and gotten a quarter
of a micron, also flat.

ROSENZWEIG - BELL TELfPHONE ILABS: Can you tell us what areas of devices
you have made and what the VI characteristics are like forward and reverse?

MR, KING: VYou mean '‘he solar cells. They are conventional 1 by 2
centimeter size, and the characteristics are almost identlcal ©to sil
made by conventional techniques.

L AmTY
LLCULL LOLLD

ROSENZWEIG - BELL, TELEPHONE LABS: What were the reverse currents?

MR. KING: I can't reelly remember but I would say that they were in
the tens of microamp range. In this regard, we have made radiation detectors
by the same technique with reverse leakage currents in the fractional micro-
amp range. The difference is in the doping level and in the bombardment.

KAYE - EOS: T would like to point out that my collesgues at EQOS have
made some cells using low voltage cesium ions at around 5 kev. This was re-
ported in Applied Physics Letters. It hasn't been necessary to do any
annealing at all to get short circuit currents equivalent to those obtained
from ordinary solar cells, although our efficiencies weren't as good, due
to the high sheet resistance.

MR. KING: These efficiencies were quite low weren't they?

KAYE - EO0S: Efficiencies were quite low because of a high sheet
resistance. But, of course, this is a long way from an optimum bombardment.
I wonder if you have done any work with low voltage bombardments?

MR. KING: We are couli,g down. We are approaching you from the other
end. The difference in the two techniques is that you are relying on a
channeling mechanism whi~h occurs .n single crystals along & certain di-
rection. This is a secondary mechanism. We deliberate%y avoid channeling
by taking a 111 crystal and implanting at an angle of 7 . This avoids
implantation along any major crystallographic axes. This way you avoid
channeling and you get discrete range effects. You can control the profile,
rather than take what the channel gives you.

ROSS ~ HOFFMAN ELECTRONICS: I noticed on the last slide that the spectral
response was not very good in the blue by comparison with other cells. I
believe I noticed something like 30 percent at 5000 angstroms. Would you
clarify as to whether this was one of the 100 to 1 linear implantaticns?

MR, KING: It was. It was done at 300 kilovolts, the Junction is a
half a micron deep, and these are fairly recent cells. I'm not sure why the
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difference is. We are Jjust not going to lower energies to see whether or not
there is a concommitant blue shift as we go to 200-100 kilovolts.

ADDIS ~ RCA: All your work was done on single crystal silicon. Do you
have any idea what effect a grain boundary would have on the implantation
process?

MK, KING: I tbink, although I have nc real proof on this, that it would
have none at all. Do you mean on the depth of implantation or on the cell
characteristics?

ADDIS - RCA: (n the depth first and then on the cell characteristics.

MR. KING: In that case, no effect at all because the range versus
energy in polyecrystalline silicon is a much betier behaved function than it
is in single crystal material.

ROSENZWEIG - BELL TELEPHONE LABS: What about the annealing process
after implantation?

MR. KING: Then you might get diffusion along the grain boundaries.

GUMMEL - BELL TELEPHONE LABS: Do you have any idea what the lifetime is
in your front layer?

MR. XING: No, we really haven't worked it out. I do know for the p-on-n
cell thet we have calculated diffusion lengths. For the cases where the fall
off under solar light is very small, the diffusion length is almost equal to
the junction depth. This is quite important, and I think it's something that
has not been considered in diffused cells. There exists a dead layer on the
surface from which there is no charge cocllection. This is quite apparent
-Jaen you work with radiation detectors where this dead layer is quite impor-
tant. Normelly the dead layer in a diffused cell is half the diffusion
depth. In radiation detectors, you measure this by measuring the fall-cff
in collection efficiency as you bring an alpha particle beam into the glancing

angle.
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PHOTOVOLTAIC EFFECT AND SURFACE STATES
ON SILICON-METAL INTERFACES

by

G. Rupprecht and A. H. A. Pampanini
Tyco Laboratories, Inc.
Waltham, Masse _husetts

Introduction

When a metal and & semiconductor are brought into contact, an initial
transfer of charge must occur, in accordance with the difference in work
functions, to align the Fermi levels in both materials. Thie is equivslent
to the statement that, in equilibrium, the charge transfer is determined by
the condition which establishes zero total current through the interface.

In the metal, the transferred charge stays at the surface because of the large

_electrical conductivity. 1In the semiconductor, however, an equal charge of

opposite sign will be distributed spatially over the space charge region
which develops near the semiconductor surface and awmong possible surface
states at the interface.

In reality, semiconductor-metal interfaces, as ysed in this inv:stigation,
exhibit an additioral complication which is' introduced by the presence of a
thin oxide film between metal and semiconductor. Although this oxide layer
can be neglected in some respects, it was noticed that its thickness was
important to the charge transfer properties through the interface. It is
80 much 8o that a small change in thickness made the difference between a
reasonably efficient phctovoltaic device and an inefficient one. The data
obtained with Au on n-type silicon suggest that the charge separation which
occurs at the interface, when illuminated under short circuit conditions, is
due to a tunnciling of charge carriers through the oxide layer.

In spite of the d minc .ing role of the oxide layer at the interface for
vhe charge transfer, it was noticed that the observed open circuit voltage
did qualitatively agree with previously reported work function data in so rar
as Au on n~type silicon and Al on p-type silicon proved to be useful combinstions
for photovoltaic dev ces, while the combinations Au on p-type silicon and Al
on n-type siliccn exhibited only a negligible photovoltaic effect at room temp-
erature.

In order to study the ceuse ot the photovoltaic effect at a metal-semi-
conductor interfece, the space charge capacity wiibh and without illumiration
was measured together with the open circuit voltege. It was found that tle
open circuit voltage is connected with the change in barrier height under
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illumination in a one to one relatiorship, aithough, in the case of illumination,
one deals with a non-equilibr’um situation. This provides the basis for
determining the position of the Fe-mi level at the semiconductor-metal inter-
faces from the open circuit voltege alone. Since the position of the Fermi
level at the interfasce is dominated by the presence of surface states, its
tempera-ure dependence, together with the behavior of the short circuit current,
provides information about the surface states at the metal-semiconductor inter-
fece and their role in the charge separation process during illumination.

Semple Preparation and Experimental Arrangement

Single crystals of n-type and p-type silicon of different resistivities
were cut to provide circular samples about 1 cm in diemeter and C.5 mm thick.
One side of each slice was nickel-plated to provide & large ares ohmic contact;
the othe: side was carefully etched to minimize the oxide thickness and was
coated immediately after etching with a thin layer of gold or aluminum. A
narrow, thicker ring of the same metal was deposited around the periphery of
the sample as a current-collecting electrode. The thickness of the metal film
was monitored during vacuum deposition. The evaporation was stopped when the
film had a transmission of about 27% for the radiation of & tungsten lamp since
it was found, as shown in Fig. 1 and 2, that the photovoltalc effect was nearly
optimum under this condition. The resistance per square of a goldlayer on
silicon vs. trensmission is shown in Fig. 3. It varies from about 10 @/8 to
60 @/, as the transmission varies between 25% and 30%.

The sample was mounted with silver passte to & copper heat sink in a
vacuum chamber; this prevented condensation of water vepor when the sample
was cooled, but had no effect on the eperimental results. During the photo-
voltaic meaturements, the thinly-coated region within the current-collecting
electrode was illuminated under normal incidence with the ragiation from a
tungsten lamp, providing for a radietion demnsity of 80 mw/cm .

The effect of thin anti-reflection layers of magnesium fluoride and
silicoh monoxide upon the photovoltaic effect was studied. Degradation of
the electrical properties was noticed in all cells in which the electrodes
were coated with magnesium fluoride, but appreciable improvements were
observed in those coated with silicon monoxide.

The optimum silicon monoxide film thicknesses'was determined empirically.
5ix n-type gold-nn-silicon photovoltaic cells with un.form characteristics
were prepared and coated with silicon monoxide layers of varying thicknesses.
The short-circuit current, I , before and, Il, after coating is used to define
the percentage deviation
I, -1I
pas p = _£?T~—2_' X 100, which is shown in Fig. 4 as a function of the thickness

(e}
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of the anti-reflective coating. Accoidingly for radiation from a tungsten
source, the optimum silicon monoxide film thickness is 240C A . However,

all the samples used in the course of this investigation were without roating,
since it was “elt that an increased short circuit current would not contribute
to the basic-understaniing of the photovoltaic effect.

Some experiments were carried out to investigate the influence of the
oxide layer between metal and semiconductor upon the photovoltaic properties.
For this purpose, silicon slices from the same single crystal with ong side
unpolished snd the other side pollshed and etched were exposed at 550 C to
flowing oxygen for various periods ot time. The addiiivnal oxide thickness
produced by this procedure was estimated using Attalla's formla:

x2= 8.4 x lO:LO 1 4/5 t exp [ (-1.7q)/kT] (1)
2

where x is in K, p in etmospheres, t in minutes and kT/q is in electron volts
(evV). After oxidation, the unpolished surfaces of the samples were lapped

and nickel plated to provide for an ohmic-contact. A gold film and a collecting
electrode were evaporated onto the oxidized surface as described above. The
samples were tchen veady for use ir photovoltaic measurements, in particular,

of the short circuit current which will be described below. Since care was
taken to treat these samples under as close to identical conditions as possible,
the oxidation time was the only parameter which discriminated them.

Influence of the Silicon Oxide Interface Layer
upon the Photovolteic Properties

As described above, a dozen n-type silicon samples were expgsed for
different time intervals to a thermel oxidetion treatment at 550°C and the
additional oxide thickness of each sample calculated. Even if equastion (1)
did not hold accurately in this very low thickness range, the estimete of the
additional oxide thickness should still yleld the right order of cagnitude.
Thus, at least the relative thickness should be meaningful. With this quali-
fication, the result oI photovoltaic measurements at room temperature on this
series of samples is shown in Fig. 5. Since the varying oxiue thickness has
little influence upon the open circuit voltage, the shcrt circuit current is
shown as a function of oxide growth. It can be seen that the short circuit
current density is drastically reduced at first and then decreases more
gradually as the oxide film grows tBicker. The sample without additional
thermal treatment yielding 10 mA/cm is not shown in Fig. 5 since it would
fall outside the graph. The same is true for a sample point which was
obtained in a complggely different way as follows. 1In a vacuum system
capeble of sbout 10 =~ mm Hg, a silicon slice was cleaved during gold evap-
oration. The short circuit current density of this sample was ~20 mA/cm”.
Since the sbscissa for this point is not known (but should probably be
negative) it also has not been included in Fig. 5.
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A somewhat more revealing display of the same data is shown in Fig. 6
where the reciprccal of the short circuit current density is plottea v§. the
additionally grown oxide film thickness. For thick oxide lesyers, Jsc seems
to follow a linear relation. If one extrapolates back to the intercépt with
the abscissa, one obtains about (-7) K. One is tempted to interpret this as
the original thickness of the oxlde layer prior to the thermal treatment. The
extrapolation may be justified on the ground that an oxide layer of thicknesszf
acts similar to an ohmic resistance with respect to the short circuit current,

d

se”
From the relation
. -1
a(ig, ) _f (2)
4.4 v
one obtains a value for the resistivity € of about 4 x lO9 Q-cm when the driving
voltage V is equated to the open circuit voltage V_ . This value for ¢ is

considerably smaller than the values gquoted for bulk quartz, but it is sufficiently
large to identify the grown oxide film as an insulator. According to this
reasoning, 8 new origin for the thickness_scale should be used which is shifted

by (-7)n§. It is also apparent thet ~*, deviates from Ohm's law below a
critical oxide thickness of about 10 fcas seen in Fig. 6. This observation

is interpreted as a tunnelling process of charge carriers through the oxide

film which is the essential mechanism of charge separation under short circuit
.eurrent condition.

Therefore, the proper condition for an efficient photovolteric device of this
kind is a sufficiently thin oxide interface. The dividing line between & sensi-
tive and an insensitive cell is apparently quite narrow and may be characterized
by & critical oxide thickness.

Identification of the Open Circuit Voltage

When _e surface of a berrier photocell is irradiated, an open circuit
voltage V_ between the metal and semiconductor and a simultaneous change
of the celf capacity from C_to C, are observed. The cell capacity und its
‘variation can easily be meafured }n a bridge circuit. It seems to be closely
related to the open circuit voltage V__ and other known parameters of the
system. It is the purpose of this se@€ion to establish this connection ex-
rerimentally without unnecessary conjectures. Without light, the system is
in thermal equilibrium. With illumination, it is in a stationary state with
two quasi-Fermi levels, one for holes and one for electrons. Nevertheless,
one may describe the space charge capacity at the semiconductor surface, even
in the stationary state, by the relation

Y
o - (@8 it/ et (3)
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Here N is the iTBurity concentration, € is the bulk dielectric constant,

€ =8.9 x 1077° amp sec/volt-m, Y is the bending of *+he energy bands at
th® surface in units of kT, and q is the electronic charge. For any given
cepacity per unit area, the bending of the bands in equilibrium is uniquely
determined without an adjustabie parameter. Therefore, if C_ and C, are
tne capacity values of the space charge layer in the dark and under arbitrary
but constant illumination, respectively, one can calculate unembiguously
two values, Yo and Y,, which describe the space charge region in the semi-
conductor provided tﬁat surface states do not contribute to the capacity
value. Their contribution can be avoided by measuring at a sufficiently
high frequency. The difference, Y =Y <~ Y,, is then characteristic of
the change in electrostatic potential uRder %llumination. A comparison

of &Y with the observed open circuit voltage, V_ , is given in Table I

for a number of different temperatures. The me&sured values of capacity
per unit area, C, and C , for a gold on n-type silicon cell indicate that
~the values of C &nder 1Plumination are considerably larger than for those
in the dark. In the last column in Table I the measured open circuit
voltage V_ 1is expressed as Y . in units of kT, (Yoc = Vocq/kT).

It can be seen that the AY values calculated from capacity data agree
fairly well with the directly measured values of V__ expressed by Y .
Thus, we draw the conclusion that to a good approxgﬁation kTAsY/q c8f be
identified with the open circuit voltaege. Hereby it is assumed that the
capacity of the oxide layer between the metal and che semiconductor is
large compared to the spa=e charge capacitance and can therefore be
neglected. The validity of this assumption can be readily confirmed. The
position of the Peruwi level at the semiconductor suriace F_ can now be
determined. For an n-type sample. for instance, it is E; - F, =
[ (E.-F)+qV__ + kT ¢Y,], where E_ is the energy at the bottom of the
condiction band?cand F is %he Fermi 18vel in the bulk. When the open
circuit voltage is saturated at a sufficiently high level of illumination,
Y, becomes quite small, and the position of the Fermi. level at the surface
cén be determined approximaetely from the bulk Fermi }evel and the observed
open circuit voltage alone.

This simplified procedure was used to determine the Fermi level at
the surface for a series of samples as a function of temperature.

The Fermi ILevel at the Metal Semiconductor Interface

Gold on n-type Silicon

The Fermi level at the interface between gold and n-type silicon was
obtained as a function of temperature for three samples of different re-
sistivities by the method described in the previous paragraph. Accordingl,
the surface Fermi level can be found to a good approximation at (E_ - F)

+ Voc eV below the conduction band. The experimental results are®shown
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in Figs. 7, 8 and 9. 1In the lower part of these figures the photovoltaic data,
short circuit current, and open circuit voltege are plotted as a function of
temperature. In the upper part, pertaining to the same temperature scale, the
positions of bulk and surface Fermi level are shown.

In all three cases it is apparent, that the surface Fermi ievel F_ is locked
in a fixed position below room temperature, then oreaks away from this position
to approach a new level at elevated temperature. This temperature beha-.or of
Fg su-1ests the existence of two discrete surface states at the interface, 0.52
eV an. ebout 0.3 eV below the conduction band. They are indicated by the dashed
lines in Figs. 7, 8 and 9. In a previous study of oxide covered n-type silicon
surfaces by pulsed field effect, a prominent surface level was consistently
found 0.52 eV below the conduction band and was identified as an acceptor state.
This is in agreement with the present observation: only an acceptor state at
the interface can keep the Fermi level locked below it. The energy position
of the surface state, which is suspected to exist at about 0.3 eV below the
conduction band, can be identified somewhat more ac-urately from the data
shown in Fig. 7. An extrapolation of F_ to higher temperatures suggests an
energy value close to 0.27 eV for this fevel. A value of 0.28 ev may be estimated
from the abrupt change of the short circuit current shown in Fig. 7, when one
makes the conjectuge that the surface Fermi level sweeps across this surface
state at about 430 K.

Aluminum on p-type Silicon

A series of measurements was performed with p-type silicon of different
resistivities onto which aluminum had been evaporated. The results on one
sample. which are representative for all the others, are shown in Fig. 10.
Here the photovoltaic data are exhibited as a function of temperature in the
upper part of Fig. 10, whereas in the lower part the position of the bulk
Fermi level and the iermi level at the metal =<miconductor interface are shown
in respect to the valence band. The temperature behavior of F_ is more
complicated than was the case in Au on the n~type silicon cells. At low
temperature, F_ seems to be locked to a surface state approximately 0.37 eV
above the valence band. As the tempergture rises, F moves towards the
middle of the energy gap and seems to return to the 5.37 eV level at
elevated temperature. In this case, however, the surface states cannot be
identified as easily. Therefore, an additional experiment was performed.

The capacity of this sample was measured at different frequencies under a
series of forward bias conditions. The results are shown in Fig. 11l. For
reasons of comparison, the lower part of Fig. 10 is reproduced again in Fig.
11. In the upper part of this figure, the measured space charge capacity is
shown as a function of temperature with frequency and forward bias as para-
meters. The relation between the maxima of the apparent space charge capeacity
and the crossing of surface states by the Fermi level Fs is indicated by dashed
lines. It is apparent that at sufficiently low freguency and high enough

bias, the presence of the surface states manifests itself as an increase in
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apparent space charge capacity vhen the Ferml level at the surface crosses the
0.37 eV level and another level herewith identified at 0.54 eV above the
valence band. This level too has been found on oxide covered silicon surfaces
and was identified as a donor level.

Conclusion ' ‘9 q IQé"

The photovoltaic effect which is observed at the interface between a metal
and a semiconductor in the presence of a thin oxide interface can be interpreted
as the consequence of the charge transfer characteristic of the thin oxide f£ilm,
and the effect of surface states at the oxide-semliconductor interface. Since
the position of the surface Fermi level FS iz determined, to a large extent, by
the surface states, the open circult voltage V__ is directly related to the

surface state structure. Four surface states ﬁgve been identified: Ei = 0.37 ev
and E_ = 0.54 eV above the valence band and E3 = 0,52 eV and E), = 0.28%ev
below the conduction band.

At K ot
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Space Charge Capacity and Open Circuit Voltage as a

TABLE T

Function of Temperature

fsﬁﬁ EF/lo é) %i ig 3 (vgi%) ¥ Y, AY Y .= V,./kT
155 9.5 1.7 0.388 2.4 33.%  31.% 29.4
189 9.6 2.1 0.350 2.2 25.1 22.9 21.7
219 10 2.3 0.312 1.9 18.3 16.4 16.7
i 12.5 2.5 0.27h4 1.5 4.0 12.5 13.0
260 4.2 2.6 0.236 1.k 12.4  11.0 10.6
273 16.8 2.9 0.200 1.3 9.7 8.4 8.6
285 14.8 3.0 0.188 1.2 8.8 7.5 T.T
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DISCUSSION

GUMMEL - BELL TELEPHONE LABS: I think that the structure that you heve
is a Schottky barrier layer type diode. Frequently, one assesses the quality
of the diode one has by making a semi-log plot of current versus voltage =4
observing what value of the exponential one has. From this, you can calculate
the value of un in the gV term. What value of » 2:i{d you find?

nT

MR. RUPPRECHT: I don't remember now the n values but I think that they
were of the order of 2, perhaps 1.8.

GUMMEL - BELL TELEPHONE LABS: How did you clean your surfaces?

MR. RUPPRECHAT: They weres etchad with a CP-Lk solution, I think. It was
white etch or something like that. It was nothing special.

GUMMEL - BELL TELEPHONE LABS: What was resistivity of the substrate?

MR. RUPPRECHT: I had three resistivities. One was 0.13 chm centimeter,
one was 1 ohm centimeter, and the other was 130 ohm centimeter. I have also
studied aluminum on p-type silicon of three widely different resistivities.

PERKINS - RCA: Concerning the curves showing the reciprocail of short
circuit current versus film thickness, was there a pcsiiion on the lower part
of the curve where there is a deviation from lineari‘.v¢ Were yoa able to make
this nonlinear portion move in the reverse directio sith applisil voltage,
such that you might be able to see the effects of .neling due to the high
field across the oxide film?

MR. RUPPRECHT: ©No, in these series of experi. nts ¢ have nbserved only
photovoltaic effects. A pnotovoltaic effect happens -oix wh - have the
separation of charges before they have a chance to recombine ... .e surface.
The effect of separation in this case is that the holes are trricled through
the oxide layer into the metal.

PERKTNS - RCA: Under conditions of tunneling through the oxide layer
wouldn't you expect that the resistance would vary linearily with voltage
at low voltages across the oxide layer, but would decrease approximately
exponentially at higher voltages?

MR, RUPPRECHT: Ves, I think this is theoretically to be expected.

ACAMPORA - NASA, LEWiIS: Does the oxide layer lie between the metal
contact and the surface oi the scmiconcuctor?

MR, RUPPRECHT: Yes, the semiconductor has been heat treated to about
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550o for different amounts of time in oxygen. This forms the oxide layer.
Then you evaporate gold on top of 1t, such that the transmission through the
gold is about 30%.

ACAMPORA - NASA, LEWIS: Have you ever noticed oxide formation between
the metal contact and semiconductor surface without removing the metal contact?

MR. RUPPRECHT: Yes, we have made some observations concerning this.
There is a time dependence of the properties of these cells, which can be
explained as an increase in oxide layer thickness with time. There may be

oxidation of ithe silicon going on through the thin metel film,
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Introduction

Photovoltaic energy converters are of interest for space utilization.
Silicon has been the most widely used material for these applications. In
recent years consideration of optimum energy-gap materiuls has led to the
study of gallium arsenide for photovoltaic utilization. Since higher temp-
erature operation of solar cells is desired there has also been increasing
interest in higher energy gap III-V compcundas such as GaP. This report is
concerned with some optical, electricel and tnermal characteristics of ex-
perimental solar cells fabricated from epitaxially grown single crystal GaP.

Experimental. Procedures

Mater.al Preparation and Properties

Single crystel gallium phosphide was synthesized from the elements by
rapor transport and epitaxial deposition on single crystal gallium arsenide
substrates. The transport gas¥ was a dilute mixture of hydrogen chloride in
hydrogen. The reaction was carried out in a 20 mm I, D. quartz tube in a
furnace system having three individually controlled Zongs . Phogphorus* was
evaporated into the gas stream atotemperagures from 4LOO~ to L507; gallium*O
was helg at temperatures from 890" to 975 with the substrates betweeg 790
and 870" . Temperature gredients in the deposition zone ranged from 3 C/cm
to 25°C/cm. Typically, the totel gas flow was 300 cc/min with a hydrogen
to ' ydrogen chloride volume ratio of 150, although in some experiments
hy irogen flow rates were varied from 155 cc/min to 800 cc/min and hydrogen
chloride fluw rates in the <100> direction ranged from 0.1 to 0.2 microns/cc
HC1 but fell as low as 0.03 microns/cc HCL at lower H, /HC1l ratios and at
the low=st phosphorus pressures. The growth rate depénds on both temperature
and on temperature gradient in the Geposition zone.

* Prepurified hydrogen and anhydrous hydgrogen chloride were obtained from th=
Matheson Company. Red Phosplorus of semiconductor grade from the American
Agricultural Chemical Company or from L. Light and Col, Ltd. Gallium of
99.9999% purity was obtained from Alcoa.
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T knesses of the cingle crystal epitexial GaP varied from about 10
microns to about 200 microns with the majority of the GaP material having
thicknesses of the order of 40 microns.

The surfaces of the gallium phosphide layers were generally poor,
containing many burms and other defects, however, no effect on solar cell
properties has yet been detectei. The best surfaces were prepared at lower
growth rates. Surface appearanc- depends on substrate surface preparation,
orisntation and run conditions. A significant improvement was achieved
by prelreating the substrete at 10007C in phashhorus vepor carried by hydrogen
just prior to deposition of gallium nhosphide.

Electrical properties of the layers were obtained by measurement of
Hall constant and resistivity of Hall bars located adjacent to the wafers
during depcsition. Typical values for mobi%ity agg net_iarrier level o§3
“undoped" <100> grown material were 100 cm” volt™ — sec. s and 2 x 10%%m
respectively. A tctal ionized impurity level in the 107~ rarge is indicated
in all samples.

Sample Preparation and Cell Fabrication

The sample areas were typically of the order of 0.2 to 0.5 cm2 and
rectangular with the epitaxial GaP layers having n-type conductivity.
Shallow p-n junctions of the order of lu or less were formed by zingc dif-
fusion (with phosphorus added) in closed tubes at approximately BOOOC for
short times. Fcllowing the dif.asion, the junction dewth was determined
by cleaving and etching delineation techniques and the surface concentration
deduced from Hall effect measurements. The back surface was lapped back.

A contact of Au-Sn-N1 was used on the back surface ané silver wes evaporated
on to she p su_face while the sampie wac held sat 200°C for the p surface
contuct. rne celis weire lapped, cleaned and etched to remove any shorting
paths around the edges.

Eigctr;cal Measurements

The conversion efficlency or-: circuit voltage and short circuit current
measurements were made i. bright sunlight using secondary standard silicon
solar cells for light intensity calibration. Preliminary electrical meas =2-
ments however were u.ually made with & nominal 2800°K tungsten light source
filtered ihrough three inches of water. The voltage was measured with an
Applied Physics electrometer. {urrente were measured with a Hewlett Packard
Microvoltammeter Model No. 425A. %he cell area was determined from its
length and width w-ich were measured with a traveling microacope.

Op-ical Measureme..ts

The spectral response mearurements were made on a Bausch and Lomb
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monochromator Cat. No. 33-86-40 with a plane circular grating blazed for 0.5u.

The experimental procedure followed was a standard method. The source
used was a tungsten lemp. The solar cell was mounted so thet it was in the
exit beam of the monochromator. A constant slit of 2 r was held during the
entire scan for the sclar cell and a Reeder thermocouple in the wavelength
interval of 0.35 to 0.9u. The scan was made first with the solar cell and
then with the thermocouple as a detector with all other conditions held
constant. A ratio was then taken between the response of the solar cell
and the thermocouple and plotted as reletive response.

Thermal Measurements

The solar cell, for temperature measurement of the electrical parameters,
was mounted in a cell holder of lavite with provisions for Chromel-Alumel
thermocouples under and near the solar cell. The cell holder was inserted
into a cylindrical muffle furnace. The source used was either a tungsten
source or sunlight. 1In the case of the tungsten source, it was mounted directly
on the furnace and focused through an opening in the cell holder on the
solar cell. The tungsten source used was & G. E. projector spotlight 150
PAR,'SP.

Results and Discussion

Two main types of solar cells have resulted in this investigation:
(1) an extrinsic cell having its main spectra’ response at room temperature
in a broad band roughly centered at about 0.75 microns, (2) an intrinsic
cell having its principal response at about 0.45 microns. The typical
spectral response curves for these cells are shown in Figure 1.

The differences in electrical, optical and thermal characteristics
of the two classes of cells are shown in Table I for cells NA3l and NAZ22
5C21-3 which are examples of the intrinsic and extrinsic cells respectively.

The extrinsic cell is characterized by asbout half the op circuilt
voltage and about three times the short circuit current density thus far
found for the intrinsic cell. The short circuit current densityoof the
intrinsic cell increases with temperature, doubling at about 275 °C, whereas
the extrinsic cell shows little change in short circuit current until about
200°C where it decreases rapilly. The open circuit voltages of both celis
show the characteristic decrease with increasing temperature and the temp-
erature coefficients are ngt appreciebly different, being of the order of
3 mv/deg. However, at 150 °C the voltage of the extrinsic cell has decreased
tc less than .. volt. At higher temperastures the intrinsic cell is fer
superior ‘v the extrinsic cell.
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A conversion efficiency of asbout 1% in bright sunlignt at room tempera-
ture has been obtained for the intrinsic cell. Somewhat higher values, 1.6%,
have been noted for the extrinsic cell.

An E-I power curve takenoin sunlight for a solar cell of the intrinsic
type,eNA3l, SC34-3, at t = 23°C is shown ir Figurc 2 with an input of Ok
mw/cm” as deduced using a standard silicon solar cell. An efficiency of
about 1% has been obtained.

Open Circuit Voltage vs. Temperature

A parameter cf interest is the temperature coefficient of the open cir-
cuit voltage,® . The temperature coefficient of the intrinsic cells is
found to be about 3 mv/deg for most of the samples. This agrees with that
calculated from solar cell theory, assuming an ideal juncition and with the
energy gep assumed to provide the main variation with temperature. In
Figure 3 we have indicated the calculated V__ vs. temperature curve and the
experimental results obtained for GeP. It 9§ noted that the absolute value
of V. for the best cell is about 0.3 volts below that calculated from
simpig theory and this difference holds true throughout the temperature
range shown in Figure 3. The difference cannot be easily accounted for
in terms of lifetime of diffusion length as permitted by simple theorv.
Additional effects such as rfismbination type currents, etc., as pointed
out by Wysockl ard Rappaport are in the right direction as expected.

At lower temperatures Q(lSOOC) thare appears to be some deviation from
a straight line in the experimental open circuit voltage-temperature curves.
This bending is generally noted around room temperature. It could be re-
lated to surface effects, although this has not been established.

With improved material and fabricecvion processing it is hoped that
better agreement in V__ between experiment and theory can be achieved
as noted for silicon Sad GaAs. The threemnterials and the theoretical
and experimental @gsa for the open circuit voltage with tewperature are
shown in Figure 4T/, It is of interest to note the difference in mag-
nitude of open circuit voltage between the extrinsic and intrinsic cells
as a function of temperature. The slopes of these curves are however
similar and about 3 mv/deg. A comparison of the two types of ce'ls is
shown in Figure 5.

Short Circuit Current Density vs. Temperature

The short circuit current density of tke intrinsic GaP solar cell
increases with temperature following a relationship which can be expressed
as

-6E
kT
Jsc ~ e
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where 4 F the activation energy is of the order sf 0.05 ev.

Tn the case of the extrinsic czll the short circuit current density is
independent of temperature of 200°C, decreasing after that.

Typical curves for beth types of cells are shown in Figure 6.

Effect of Gahs Substrate

With the thin (40 micron) epitaxial layers and the relatively large
areas desired, the GaAs substrate has been retained as a support. The
possible effect of the GaP-GaAs interface on ~“he GaP solar cell has been
examined.

The procedure involved was to etch out & portion of the GaAs from zinc
diffused GaP cells to provide a window directly to the back of the GaP n
layer. The GaAs was masked with black wax except for the portion to be
etched away. The etch used was 1 HF : 3 HNO_, : 2 H O. This etch attacks

. 3 -T2
GaP only negligibly.

A sketch of the sample with contacts is shown in Figure 7. Contact
2 is the original back contact of Au-Sn~Ki, contact 3 to the GaP, 1s made
in the same manner. Contact 3 is, as can be seen, smaller than the "window".
The top contact 1 employs evaporated silver.

If a photovoltage is developed at the GaP-GaAs interface, open circuit
voltages and short circuit currents measured between contacts 1 and 2, which
include this interface, should differ from those measured between contacts
1 and 3, which do not. No differences have been noted on meking the measure-
ments under a variety of counditions including normal solar cell lesting con-
ditions both with our stardard test apparatus and in sunlight and with a
microscope light using both front and back illumination. These results
seemed to indicate that with our method for making material the GsP-GaAs
interface does not play a significant role in determining the characteristics
of the GaP solar cell.

Diffusion lLength Measurements

Using the method of Logan and Chynoweth(3), roonm temperature measure-
ments of diffusion length have been made on mesas of some of the solar
cells. From a plot of 1/C/A (capacity/area) ~ vs. J_ (photo current density
of the cell with reverse bias) the minority carrier 8iffusion length can
be determined. Such a plot is shown in Figure 8, for sample NA16 SC13-6
(from the plot, L = 150 R). The values obtained by this method for some
of our samples ra;%e from abgut 150 X to about 5000 K. Using a carrier
diffusion constant of 2.5 cm /sec., tae values of the diffusion length
corrgggend to values of minority carrier lifetime varying roughly from 10~
to 1 sec.
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Capacity-Voltage Measurements

The junctions prepared frgm the epitaxial GaP material with our procedure
generally seem to follow a 1/C” law dependence. We have been able to fit our
capacity-voltage data with evressions of th¢ following type:

-qa €
. ( -w.)3
a i~ 12¢ C/A I

W
Vv +V e

(£ 2, € .
e g YW gE ot

where V_ 1is the applied reverse voltage, V, is the built in voltage of GaP,

q, the électronic charge,ﬁ, the dielectric constant, C the capacity of the
Junction, a, is a concentration gradient, A the cross sectional aree of the
junction.(3glhas been introduced into the equations following Logan and
Chynoweth -’y to fit our data. It signifies as expected that the space charge
layer of the junction is extremely wide and that in actuality our p-n junction
can be better represented by a p-I-n §tructure. The I layer or WI is found

to vary for our cells from apout 150 A o about 10,000 .

I-V Characteristics

From D. C. current-volggge characteristics at Q?OC, the factor n in
the expression I = 1 exp or a p-n junction is found to be > 2
(n = 4) for cells which haVe their main spectral response at O.45u whereas
for O.Tu cel%ﬁ§ n = 2. The latter suggests from the work of Sah, Noyce,
and Shockley that recombination center mechanisms may predominate in the
extrinsic cells.

Current-voltage characteristics taken on a Tektronix Oscilloscope No.
536 are shown in Figure 9. These are the best traces obtained for a 0.45u
solar cell and a O.Tu cell.

0.Tu Extrinsic Soler Cell

While it is believed that the mechanism leading to current generation
in the O0.Tu cells must likely involve a two step excitation consisting
either of two optical steps or one optical and one thermal step, the nature
of the centers responsible for the O.7u response in the epitaxial GaP is
unknown. The O.Tu response has been found to occur as a major response,
however, when & low hydrogen flow rate is used in the growing of epitaxial GaP.
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18 Since the background level of ioniged impurities in our material is
1077 cm” with net carr’er levels of 107, self compensation is suggested.
To achieve the close compensation noted in many of the samples which still
remain n-type, it is suggested that a deep donor which could correspond to
the 0.7y level could ve present. If this is so, it coe%% be the same as
the 0.4 ev donor postulated by Gershenzon and Mikulysk and thought to
be due to oxygen. This model remains to be verified.
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Characteristics of Extrinsic and Intrinsic GaP Solar Cel}g

Type: Intrinsic Extrinsic
Sample: NA3L SC34-3 NA22 SCzl-3
Electrical:
Voo (volts) 1.35 0.58
o (ma/cmg) 1.h4 4.0
Efficiency (measured in
sunlight) 1.1% 1.6o
Optical:
Spectral Response Peak
(p) 0.45 0.75 (broad)
Temperature:
Slope J__ vs. 1/T (ev) .06 0 (to 200°%¢) J o
s¢ decreases afte? 200°C
Vo, vs. T, B(mv/deg) 3.5 2.8
v, 8t 300°%¢ 0.23 ~0
eV/nkT
D. C. If - Vf, Io exp . n==.4 o
* Based.on solar intensity as measured with silicon solar cell of 94

mv/cem” .

I+

mw/cm” .
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Representative E-I curve taken in sunlight for sample
NA3l 5C34-3. Sample rxhibits main spectr.i response

tC.45 .. Maximum power point is at 0. 608 mw,

I3

Eificiency is about 1%. Temperature of measurement

was 23° C,
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Au=Sn- Ni, Contact (2)

-
|
SnrNi 1 h-Type
Au Q,N' GaAs l
e ! ©
' Gﬂg . p'Type |
Ag Contact
CROSS SECTION BOTTOM VIEW
Fig. T .

Experimental arrangement for checking effect of GaP-GaAs

interface.
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Sample nf plot used for determining minority carrier

diffusion length (frcm plot, Ly~ 150 A).
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Best current-voltage traces obtained for a 0.45 u cell and
a 0.7 cell, Current, vertical axis, 0.2 ma/cm; Voltage,
horizontal axis, 0.5 volts/cm for both traces. Top trace,

sample NA32 SC34-5, represents a 0.45 p cell. Lower trace,

sample NA22 SCZ1-3, represents a 0.7 p cell.

Fig. 9
B-L-18
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DIECUSSION

CHAMBERLIN-NATIONAL CASH REGISTER: Was the cell for which you etched
away the Gals layer, a .7 or .'.) micron type?

MR. EPSTEIN: It was a .45 type.

CHAMBERLIN-NATIONAL CASH REGISTER: Did you messure spectral response with
both front and back illumination?

MR. EPSTEIN: Yes, we did. They were both the same.

CUSANO-GENERAL ELECTRIC: Grimmeisen did scme work on gallium phosphide,
and he got efficiencies compasrable to yours. He felt that there were series
resistance effects, and that an efficiency of 7% could eventually be realized
if you could eliminate the series resis.ance. Do you feel that this is a
realistic estimate?

MR. EPSTEIN: Yes, I think it's reasonable.

CUSANO-GENERAL ELECTRIC: Was series resistance a limiting factor in your
cells?

MR. EPSTEIN: No, but there was a great deal of it, as I implied from the
capacity voltage curves.

QUESTION (NO NAME): Do you have any information asbout the crystalline
imperfections present in your epitaxial layers?

MR. EPSTEIN; There are meny imperfections. Also, the surfaces are not
very smooth on the material that we have been making. In addition, there is
a great deal of strain in the material resulting from the unequal thermal
expar-ion coefficients of GaAs and GaP.

WOLF-HELIOTEK: You explained the 0.7 micror response by a " wo-step
excitation process. If this is the case, how can you explain the low open
circuit voltage associated with this cell?

MR. EIFSTEIN: I'd rather not comment on that.

PERLMAN-RCA: I was wondering about the GaP layers. After you have grown
them on the gallium arsenide, what preparation do you make of the surface
prior to diffusion?

MR. EPSTEIN: We have tried a very light etch with hydrogen peroxide and
sulphuric acid and water. We haven't found the most suitable etch yet.
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PERLI "N-RCA: 1Is the resulting surface finish matte or polishedf

MR. EPSTEIN: It's not polished end 1t's not matte. It's somewhere
in between.

GOLDSTEIN-RCA: To ¢ tinue the line of trying to find an explanation

21 3. 3
for the aifference between 0.7 and 0.45 micron cell~, I am wondering if

you ran impurity analyses on your grown gallium phosphide material?

MR. EPSTEIN: No, we didn't have encugh materisl. This is one of
the things we are trying to do now.
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A
i) Abstract

Reduced weight is still a desired feature for photovoltaic solar
energy conversion systems for space vehicles. One approach to weight
reduction is a decrease of the solar cell taickness. It has been
found that the parameters of present high performance N/P silicon
solar cells are such that even small reductions in the thickness

of the cells result in noticeaeble decreases of the short circuit
current due to lower collection efficiency at long wavelengths.
Theoretical and experimental results of an investigation into the
change of shcrt circuit current as function of thickness are
discussed. This effect ie studied in dependence on the spectral
distribution of the irradiating light for three commonly used

types of light source as well as on the mirority carrier lifetime
and mobility in the base region of the solar cell. It is noteworthy
that the differences in short circuit current are eliminated by

moderate demage due to nuclear particle radiation.

o
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EFFECT OF THICKNESS ON SHNRT CIRCUIT CURRENT
by
M. Wolf and E. L. Ralph

Heliotek, Mivision of Textron Electronics, Inc.

Introduction

A reduction in the weight of photovoltaic energy conversion systems

for space vehicles is still a de.irable objective, even in view of the
availability of boosters of higher thrust ratings. One approach to

such weight reduction is through a decrease of the thickness of the
silicon solar cells. Since the skills in handling fragile semiconduc-
tor devices have improved, this latter approach has gained reneved
interest. In the process of fabricating solar cells of somewhat reduced
thickness and of experimenting with cells of even further reduced thick-
ness, it was found that the short circuit current and correspondingly

the maximun available power output of the thinner cells were generally
lower than those of thicker cells. This effect was especially noticed
in tests carried out by use of tungsten filament light sources of 2800°
Kelvin color temperature, but vas less pronounced in tests performed in
sunlight on Table Mountain and in a sunlight simulator. As a consequence
of these early observations, an experimental and theoretical .nvestigation
of the problem was undertaken, the results of which are described in the

following paragraphs.

Theoretical Considerations

Reference to data published earlier by Elliottl) (see Fig. 1) did not

explain the recent experimental findings. The author's earlier curve?)

showing the ratio of the energy absorbed in silicon wafers of varying

1) J. F. Elliott, V. F. Meikleham, and C. L. Kolbe, "Large Area Solar
Solar Cells", Academic Press, New York, Progress in Astronautics and
Rocketry, Vol. III, Energy Conversiun for Space Power, 1961

2) M. Wolf, "Advances in Silicon Solar Cell Development", Academic Press
New York, Progress in Astronautics and Rocketry, Vol. III, Energy
Conversion for Space Power, 1961
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thickness to that avallable in the air mase zeru sunlight spectrum between
.4 and 1.15u (see Fig. 1), which was used for a quick estimate of the
upper limit for thin film silicon solar cell performance, was too coarse

an approximation to be applicable for the present problem.

In consideration of the collection mechanism of a solar cell, plotting
that portion of photons available in the source spectrum which is sbsorbed
in a silicon layer of given thickness as a function of this thickness
might have yielded a better approximation. However, Fig. 1 indicates,
that act..-1 average collection efficiency curves do not parsllel the curve
for absorption of availsble photon§. The reason is that the base region
thickness considerably exceeds the diffusion length of minority carriers,
thus waking the excess portion of the wafer ineffective. At decreasing
base region thicknesses, however, the back contact which represents s
plane with extremely large surface recombination velocity, is brought in
progressively closer proximity of the p-n junction. The closer proximity
of this "sink" reduces the average minority carrier density in the base

region and with it the collection rate at the p-n junction.

To gain better insight into the effect of thickness, the collection effi-
ciencies and the resulting short circuit currents from the base region of
siliccn solar cells of varying thickness were calculated using the formulism
developed earlier.3) 4) The parameters entered into the calculation for

10 ohm centimeter p-type base material were an electron mobility of

1300 cm€ Volt-l sec™! and minority carrier lifetimes of 6, 12, and 24
microseconds, since minority carrier lifetimes measured in the bases of

such solar cells range mostly from 10 to 25 microseconds. Added to the

base region collection efficiency was the contribution from the diffused

layer which was assumed to be identical to that found earlier for P/N

3) M. Wolf, "Limitations and Possibilities fur mprovement of
Photovoltaic Solar Energy Converters, Considerations for Earth's
Surface Operaticn" Proe, IRE, vol. 48, pp. 1246-1263; July, 1960
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silicon solar cells’/. This contribution corresponds to an n-region
thickness of 0.5 microns with a minority carrier lifetime of 5 x 10-10

-1

se~onds, a hole mobility "0 em? Volt™L sec , and a surfaca recombination

velocity of 5 x 103 em per second.

(Obtained from these celculiations were curves oI collection efficiency

as function of wavelength, <uch as that chown in Fig. 2 for solar cells
with an electron lifetime in the base of 24 microseconds and with base
region thicknesses of 0.05 cm (0.020 inches) and 0.02 em (0.008 inches)
regpectively. These collection efficiercies were multinlied for each
wavelength interval with the photon flux of the corresponding interval

in the spectrum of the light source considered, and the products were
totalied. Division of this sum by the total number of photons yields

an average collection efficiency wh.ch is weighted by the photon distri-
bution of the light source. Figure 1 contains several curves of weighted
average collection efficiency as function of base rzgion thickness for
three light sources considered: sunlight of asirmass 05), sunlight of
airmass 1 similar to that received on Table Mountain, Californiafgrand
light from a tungsten filament bulb of 2800° Kelvin color temperature.
Also included in Fig. 1 is a curve for a low resistivity N/P silicon solar
cell with a base region electron mobility of 800 em@ Volt™! sec™! and an
electron lifetime of thr=e microseconds. The figure illustrates the
differences in the effect of thickness on weighted average collection ef-
ficiency caused by variations of minority carrier lifetime and mobility,
but also indicates that these differences are vanishing at base region
thicknesses belov .Cl centimeter. The curve also verily the observation
of a larger effect of base region thickness on weighted averuge collection
efficiency in light with a higher relative content of low energy photons
and the expectation of a iiminishing of the effect in solar cells with
low base region minority carrier lifetime and mobility.

L) M. Wolf, "Drift Fields in Photovoltaic Solar Energy Converter Cells,"
Proc. IEEE, vol. 51, pp.674-693; May 1963

5) F. S. Johnson, "The Solar Constant," J. Meteorology, vol. 11,
pp. 431-439, December 1954

6) P. Moon, "The Scientific Basis o Illuminating Engineering" Dover
Publications, New York, pp. 117-126; 1961
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Experimental Results ani Comparison with Theory

To substantiste and Yo expand beyond the early observations, which were mede
on cells in the thickness range of 0.033 to 0.046 cm (0.013 to 0.018 inches),
several groups of N+/P silicon solar cells with 10 ohm cent meter base
resistivity and diffused regions of about halt micron thickness were pre-
pared with evaporasted titanium-silver contacts, except for two groups of
0.020 cm (0.008 inches) and 0.046 cm (0.018 inches) thickme ss, which were
prepared with the older type plated gold-nickel contacts (represented by
symbol "+" in Fig. 3). The preparation of the groups with plated contacts
resulted from the earlier obuservations on cells with this older type of
contact, which showed a larger change of short circuit current as func-
tion of thickness than could be explained by theoretical considerations.

It had been hypothesized that the sandblasting of the wafer, which takes
place before deposition of the back contact in the process of applying the
plated contacts, might cause penetrating damsge tr the crystel. stucture
and thus result in an effective thickness smaller than the actual thick-
ness of the cell. In the preparation of the cells with eveporated contacts,
silicon was removed prior to the contact application by an etching process,
which was not expected to cause penetrating demage. The experimental data,
however, did not confirm the hypothesis since the evaporated contact cells
showed the same large change of chort circuit current with thickness as

the plated contact cells (Fig. 3).

Cells were prepared both in the 1x2 cm and in the 2x2 cm sizes in a number
of batches of varying quantities in order to obtain sufficient statistical
data, since it has to be remembered that investigations of this ":ind are
afflicted with a certain spread of data caused by the large number of
process variables. The short circuit currents measu.ed in light from
three types of sources, namely from tungsten filament bulbs of 2800°
Kelvin color temperature, from sunlight approximsting air mess one as
received on Tab.e Mountain, California, and from the Spectrosun Solar

Simulator were averaged for the various thickness groups. These averages
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were then expressed as ratios to the average of the corresponding group
of largest thick :ss and normalized so that the averages of the groups
of largest thickness coincide with the theoretical curves. This data is
presented in Fig. 3 as experimental points represented by various symbols
for the different types of cells and light sources used. Each set of
experimental data points was normalized to both sets of theorétical
curves for 12 microseconds and 24 microseconds minor.ty carrier lifetime,
with the first norme’: ‘ation indicated by hollow symbole and the latter
by identical, but filled symbols.

Also shown in Fig. 3 are calculated curves of the relative shSrt circuit
current, expressed as a ratic of short circuit current et solar cell
thickness d to the short circuit current of & 0.1 cm thick solar cell,
both for air mass zero sunlight and for light from a tungsten filament
source of 2800° Kelvin colo. temperature, and for minority carrier life-
timer of 6, 12, and 24 microseconds in 10 ohm centimeter N/P cells.
Comparison of the experimental points with the theoretical curves indi-
cates that the fit is good above 0.03 em of thickness. However, below
this value the experimentally observed short circuit currents decrease
with thickness nearly at twice the rate of the calculated currents. In
order to obtain a better match between the calculated and the experi-
mentsl data, much larger be-e region minority carrier lifetimes would
have to be assumed. Direct measurements of buse region minority carrier

lifetimes let such an assumption appenar unreasonable.

Figure 4 shows the calculated normalized spectral responses for four
fular cells, having base region thicknesses of .05 cm and .02 cm,

xid base region minority carrier life.unes of 24 microseconds and

" microseconds. While the collection = .ficiency curve, Fig. 3, showed
no effect of base region thickness on the short wavelength portion of
th: curve - and would similarly have shown no effect of change in minority
crrrier lifetime - but indicated considerable cllange in the long wave-

length porticn of the curve, the normalization performed on the spectral

B~5-5
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response curve results in a small variation of the short wavelength
portion of the curve and a slight reduction of the effect on the long
wavelength portion of the curve. It is interesting to note that changes
of minority carrier lifetime and changes of base region thickness both
have similar effect on the change of the spectral response curve, although
a slight difference in the shape of the long wavelength portion of the
curve will be observed between the thickness change and the minority
carrier lifetime change. .

Also shown in Fig. L4 are experimental spectral response points obdtained
from two typical N/P 10 okm centimeter base silicon solar cells of 0.045 cm
and 0.019 em base region thickness. For both cells, the experimental
spectral response points were sxtrapolated to zerc refl :ction, using
measured spectral reflectance data7). The shape of the experimental
spectral response curves of the two cells deviates considerably from

that of the calculated spectral response curves, but the difference
between the two experimental curves agrees very well with the difference
of the calculated curves. Correspondingly, calculation of the short
circuit currents in air mass one sunlight and light from a tungsten
filament bulb (2800° Kelvin color temperature) using the unnormalized
experimental spectral response curves of the two cells, which were measured
on an identical, although otherwise unknown absolute base, resulted in
experimental points (symbol "x" in Fig. 3) extremely close to the calcu-
lated curves altuough the measured short ci~cuit currents of these two
cells were very close to their group averszes. The deviation in shape
between the experimental and the theoretical spectral response curves

is such as to indicate considerably smaller minority carrier mobility

or lifetime in the base region than used in the calculation. Such an
assumption would be contrary to the previously mentioned assumption needed
to obtain better fit to the measured effect of thickness on short circuit
current (normalized to the 12 microsecond minority carrier lifetime curves.,

7) E. L. Ralph and M. Wolf, "Effect of Anti-reflecting Coatings and
Coverglassee on Silicon Cell Performance,” presented at the Lth
Annue. Photovoltaic Specialist's Confere..ce, Clevelani, Ohio;
June 2nd and 3rd, 19
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Of interest to the measurement of silicon solar cell performance and to
the application are the so-called "tungsten light to air mass one degradation
factor" and the "air mass one to air mass zero extrapolation factor."

The "tungsten light to air mess one degradation factor" expresses tue
ratio of short circuit current measured on any particular solar cell in
air mass one sunlight to the short circuit current measured on the

same solar cell under lighi from a tungsten filament source of 2800°
Kelvin color temperature set to an arbitrary, but carefully maintained
constant light intensity. This "tungsten light to air mass one degrad-
ation factor" is a function of the spectral response of the solar cell
tested. This factor has been calculated for the 10 olm centimeter N/P
silicon solar cell with 24 microsecond minority carrier lifetime in the
base region, but of varying base region thickness. The datae have been
normalized to a " tungsten light to air mass one degradation factor"

of .95 for -he 0.05 cm base region thickness, a value which is typicully
observed in cells of this type. The resulting theoretical curve shown

in Fig. 5 illustrates that with decreasing thickness of the base region
the degradation turns into an appreciation, all other solar cell parameters
being constant. Also emtered into the plot have been experimental points
which indicate a much more rapid increase of the degradation factor with
decreasing base region thickness. This observation corresponds with

the comments made with respect to Fig. 3.

Also shown in Fig. 5 is the "sir mass one to air mass zerc extiapolation
factor" which is the ratio of short circuit current expected to be
ootained under air mass zero sunlight irradistion to the short circuit
current obtained under air mass one sunlight irradiation. Although

the irradiance of air mass zero sunlight is larger by a factor of 1.40
than the irradiance of standardized air mass one sunlight, the overall
collection efficiency of a solar cell is smaller for air mass zero sun-
light than 1t is for air mass one sunlight (compare Fig. 1), since the
two types of sunlight have a different spectral distribution. Only a

B-5-T
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small variation of the "air mass one to air mass zero extrapolation factor"
with a change of solar cell spectral response will be expected. This
change of "air mass one to air mass zero extrapolation factor” is plotted
as a function of base region thickness in Fig. 5. It may be observed
that the extrapolation faciur shown here is very clcse to most other

AnlAariTadtad wnTluan aldhmiassh 4
CALLULGULU VO WE D) Ol Vi U@is 4

obtained by high altitude balloon flight calibrations and other various
experimental methods for determining solar cell output in air mass zero
sunlight. The difference may be in a scale factor, but could also be based
on a difference in the spectral distributions on which the calculations

are based. In the latter case, a variation of the calculated 'nir mass one

wmmaw her an wsah an CO +ham +ha eoalicaan
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to air mass zero extrapolation factor" as a function of base region
thickness might occur.

Base Region Thickness and Radiation Resistance

Since the reduction of base region thickness affects only the long
vevelength portion of the solar cell spectral response, and sZnce the
effect of decreased hase region thickness is similar to that of reduced
minority carrier lifetime, it is reasonable {0 expect a decreased effect
of nuclear particle radiation on thc short circuit current of silicon
solar cells of reduced thickness. Calculations for change of short
circuit current with irradistion by 1 MeV electrons analogous to those
described in reference 4) have been carried out for 10 olm centimeter
N/? silicon solar cells of .05 centimeter and .0l5 centim~ter base region
thickness, respectively. Figure 6 presents the resulting data. It shows
the difference in short circuit current density in air mass zero sunlight
between the normal ard the reduced thickness solar cells before the onset
of radiation damage and verifies expectation of a less severe effect of
moderate integrated fluxes of 1 MeV electrons on the thinner cell. The
result is that both types of cells exhibit equal short circuit current
densities at integrated fluxes of more then 101“ 1 MeV electrons cm=2.
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Thus reduced thickness of the solar cell ba‘e region has the interesting
side effect of decreased sensitivity to high energy particle radiatici.
Thies effect will be welcomed in all those cases, where the di sipation of
excess power during the early part of the space vehicle missicn creates
problems. The effect will be considered undesirable, however, in those
cases where the additional power provided by the thicker cells would be

needed during the early portions of the space vehicle life.
Conclusion

A decrease of short circuit current density with reduced thickness of
silicon solar cells has been observed. This decrease is explainable

by theory and could have been expected. Discrepancies between experi-
mental and theoretical data have, however, been found, which are not

yet resolved and are being investigated further. An interesting side
effect is the deucreased radiation sensitivity of the thinner solar cells,

which in some cases may be desired as much as the reduced weight.
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DISCUSSION

KAYE - FOS: Could you say what assumptions you made about the nature of
the hack contact? What was the value of the surface recombination velocity?

MR. WOLF: Infinite surface recombination velocity.

KAYE -~ EOS: Did you consider the effect of noninfinit: surface recombination
velocity on the shapes of your curves? It might explain the discrepancy between
experiment and theory.

MR, WOLF: No, it would not explain the diff=erence.

MANDELKORN -~ NASA, LEWIS: We are making cells witbout etching of the order
of 6 to 8 mils in thickness. Our results under our sinulator show that, for
dpproximately 150 micron base diffusion length, we lose absolutely no curreat
for the 8 mil thickness and for the 6 1/2 mil thickness we lose only about 5
percent. We feel that the & mil thickness is good to stick with in terms of
radiation damage, whi. the 8 mil gives you absolutely no loss of current.

MR. WOLF: The 150 micron diffusion length comes close to the case cal-
culated here for a 6 microsecond minority carrier lifetime. This was consider-
ably flat down to the region of thickness you are speaking about.

MANDELKORN - NASA, LEWIS: Increasing the diffusion length from 150 microns
to 200 microns gives hardly any increase in the short circuit current. This
is why we achieve great uniformity of short circuit current in our 10 ohm
centimeter cell, because we are always above where the diffusion lengths have
any great influence on the short circuit current.

B-5-17
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by Jacob D. Broder, Harold Kautz, Joseph Mandelkorn,

Lawrence Schwartz, and Robert Ulman

Lewis Research Center
Nationa. Aeronautics and Space Admiristration

Cleveland, Ohio

Various space missions can be envisioned which would subjeci the solar

cells of a space vehicle to temperatures higher than 7500.

Juestions arise

as to what performance to expect ~f ~ilicon solar cells, and what, if any,
substitute cells can be used to better advantage at these high temperatures.

In this paper,(the temperature behavior of various resistivity, unbom-
barded and bombarded silicon cells and unbombarded and bombarded' GaAs cells

will be discussed and compared.

Th~ cnaracteristics to be discussed are:

the open circuit veltage, the maximum power output, and the curve power
factor, which is defined as the maximum power output divided by the product
of the short-circuit current ené open-circuilt wvoltage.

CPF percent =

V.. X1

oc

X 100

able I shows typical outer space characteristics of unbombarded cells
at 25 C. These are the values that can be achieved at the present time

TABLE I. - EQUIVALENT OUTER SPACE CHARACTERISTICS

sl o]
VOC, RC, lsc7cm s Po/cm?, VMP’ gzii lEiii;iZn?z
v | Ohms | ma/em” | MW/em” v cent | percent,

GaAs 0.9 0.3 11 7.2 0.7 73 5.1

GaAs .9 .3 16 10.0 .7 70 87.1
Si:

1 0am em| .57 .3 32 12.6 A3 69 9.0

10 Ohm em | .54 .3 36 14.0 Jab 72 10.0

50 Ohm cm | .49 A 36 11.5 ) 65 8.2

100 Ohm cm| .43 .7 36 8.5 .3 55 6.0

®Manufacturer's quoted sunlight efficiency, 10.5 percent.
q
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for various reslstivity n on p silicon solar cells. In going from 1-, to 10-,
to 50-, to 100-ohm-cm cells, the open~circuit voltage de reases. The small
increase in short-circuit current for 10-ohm-cm cells occurs because of the
long=er diffusion lengths In 10-ohm-cm cells. The short-circuti current remains
at this value for the higher resistivity cells since the processing reduces

the diffusion lengths to approximately egual values.

Tac curve pover factors of the 10-ohm-cm cells are better than the 1-
ohm-cm cells because Jjunctions with better characteristics can be made in
10-ohm~cm material. However, as the resistivity increases, the maximum power
output decreases due to both the lower open-circuit voltage and the increasing
bulk parasitic resistance. Maximum efficiencies are achieved for 10-ohm-cm
cells.

Considering the two categories of GaAs cells (Tatle I), the S percent cells
were procured commercially and the T percent cells were obtained through the
courtesy of the U.S. Alr Force, Wright Development Center. The efficiencies
quoted are based on airplane measurements that agree with Lewis simuletor
measurements.

Figure 1 shows the change in open circult voltage as & function of temperature
for various resistivity silicon solar cell~. There is a 0.2 mv/ C difference
between the coefficients for 1- and 10-ohm-cm cells; a negligible difference bvetween
10- and 20-ohm-cm cells and a significant differerce of 0.6 mv/~C between the
coefficients of 1- and 80-ohm-cm cells. Similar temperature coefficients of
open~cireuit voltage were obtained for solar cells doped to equivalent resist-
ivities with either aluminum, gallium, indium, or gadolinium.

Another important factor in the tempersture degradation of solar cells
is the change of curve power factor with temperature as shown in Figure 2.
The curve power factor of 10-ohm-cm cells degrades faster than that of L-ohm-
cm cells, and that of 80-ohm-cm cells degrades most rapidly with increasing
temperature. This decrease of curve power factor occurs because junction
lcsse~ Increase with increasing temperature.

The degradation of open circuit voltage and of curve power factor leads
to degredation of maximum power output as shown in Figure 3. For these
measurements the short-circuit current was maintained constant for all temp-

: o]
eratures at a value equivalent to 25 C outer space current. A measure
of the power degradation is ipdiceted by the temnerature at which the power
hes fallen to half tnatoaf 25°C and is given by the coefficient expressed as
rpevcent-power-lost per C. As the resistivity of the base material ic increased,
the half-power point occurs at lowerotemperatures For l-ochm-cm cells, the
half-power point occurs at about 135 C; for 10-ohm~-¢m cells it is about 20°
lower: and for 80-ohm-cm cells, it occurs below 100°C. The same values of
half-power point have been found for silicon doped with materiasls other tran
borer..
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From the abcve conglderations it is apparent that the l-obhm~-cm cell
would be the most useful for high temperr .ure applications.

Ore- and lOI bm-cm silicon cells were subjected to an electron bombard-
ment of 1.5 X 107 -1 Mev electrons per cm_. The open circuit voltages were
measured at various temperatures below 100°C with the illuminaivion level such
that the short-circuit cur.-=nts were equivalent to those the cells would have
in outer space. There is no cbservable change in the tenperature coefficient
of open-circuilt voitage after this level o7 vomvardment,, The same 18 true for
proton-bombarded cells, bombarded to a dose of 3.9 X 107 =10 Mev profgns Jer
cm , which is quivalent in damage production to approximately 1 X 107 1 Mev
electrons per em .

Figure L is a plot ¢f curve power factor versus temperature for 1l- and
10-ctu~-cm, untombarded and bomwberded cells. Since the plots are straight
lines in this temperature range, & coefficient can be determined. There is
g significant change in the rate of decrease of the curve power factor w.th
temperature for tuubarded cells. The same behavior is also found for proton-
bombarded cz2lls. The change in power outpr. degradation of bombarded cells
also depends ap.n the variation of short-circuit current with temperature.
Bell Laporatories reports (private communication) that the short-circuit
current increases with temperature at a rate of 0.2 percent per OC for heavily
bombarded cells. Pased on our measurements and calculations, the half-power
point and temperature coefficient of power output for bombarded cells will be
similar to those cf unbombarded cells.

The pcwer supplies of satellites are usually designed for constant-
voltage operation. Therefore, bombarded solar cell power output wa. studied
as a function of temperature for varicus constant-voltage conditions. Figure
5 shows the power ouiput for 1- and 10-ohm-cm electron-bomburded cells. For
maximum power cutput at 55°C, the voltage for constant-voltage operation sgc 1d
be 0.3 / for 1~ hm-cm and 0.25 V for 10-ohm-cm cells. For operetion at 75 7,
the voltages ar= 0535 \ for 1-ohm-cm cells and 0.2 V for 10-ohm-cm cells  Be-
tween 75 C and 100 °C maximum power ~uvput under ccrnstant-voltage operat .ng
conditions ir attained by cperating 10-ohm-cm cells at 0.15 V. The puwer out-
pul in the r._.stant.voltage conditior depends on the operating temperature cad
the tombardment d-se. [n alL cases, 10.--hm-cm cells malntain considerably
pigher power output than do l-ohm cm cells, as shown in Figure 5.

For remperaturec above lSOOC, the 1-ohw-cm cell is preferable to the 10-
ohm-cm cell GaAs solar cells have alsc teen proposed for operation tetween
1507 to 200°C. Figure £ compares the ~pern..circuit voltage degradation with
tempecature for typicel GaAs cells and l-chm-cm silicon solar cells. G
cells have a temperature ccefficient cf 2.5 mv/ C as compared to 2.1 mv, C for
1l--ohm-cm silicon cells. However, because of the initiallg higher_open*circuit
voltage of the GaAs cell, tt¢ open-~circuit v:1ltage at 2007C is 0.43 V as com-
pa.ed tc 0,22 V for the siliccn cell. 71t should be realized that the ultimate
iimitation in the use cf cells made from high-energy-gap semiconductor meterials
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1€ the iemperature at which the open~circuit voltage approaches zero. If the
corve Tor CGaAs cells_is extrapolated, the voltage will fall to zero at a temp-
erature -f abcub 3757°C. This should be contrasted with reported open-circuit

volriages for aP experimental cells of 0.4 v at 35000.‘

Tigure 7 is a plot of curve power factor for l-ohm-cm silicon celils and
for GaAs ceils. Tn general, the curve power factor of silicon cells decreases
more rapidiy than that of GaAs cells, the decrease becoming more rapid at temp-
eratures atove 125 C.

The variation of maximum power cutput with temperature is shown in Figure
& for totn high and low efficiency GaAs gelis and for l-chm-cm silicon cellsé
The ha.f-power point occurs at about 165 C for GaAs cells as compared to 135 C
for silic.n cells. This is refjlected in the lower degradation factor for GaAs,
0.35%/°C, as compared to 0.45%/°C for silicon. However, since the silicon cell
nas twice the short-circuit current under c.iter space illumination as goes the
igh-efficiency GaAs cell both cells have the same power output at 175°C. At
200 T there is a 2-miiliwat® difference in power output. Hcwever, the power
cutput of the l-ohm-cm silicon cel% equals that of the commercially available,
lover efficiency, GaAs cell at 200 C. The choice of either silicon or GaAs
cells for 200°C vperation depends on the factors of reliability, availability,
cost, and minimum power output requirements. Besed on these considerations, the
pre%ent commercial l-ohm-cm silicon cells are not surpassed for operation at
200°C by any other type of commercial cell presently available.

Figure 9 is a plot of the product of open-circuit voltage and short-circsuit
current versus temperature for high efficiency GaAs cells and l-ohm-cm silicon
cells. The sigrificance of this plot is that, if the curve power factor of the
L-chm~cm silicon cell can be raised sufficiently at room temperatire, then its
power output will be greater than that of the high-efficiency GaAs cell for all
temperatures up tc and including 200°C. Recent informetion on the effects of
impurities indicates that this improvement may now be possible.

sust ag.in the case of silicgn solar cells, GaAs cells bombarded to a dose
of 3,9 £ 1077 - 10 Mev protons/cm' show no change in the temperature coefficient
of cpern-circuit voltage. Curve power factor degradation increases after bombard-
ment in & menner similar to the silicon case. A degradation ccefficient of 0.12%/
C v the temperatyre range from 50 to 100°C is found for bombarded cells as
ccmpared to 0.10%/JC in the same temperature range for unbombarded cells.

. At present, the performance of any available solar cell is marginaloat
2CG7C. ‘aP is therefore being considered for use in the range above 200 C. The
current status of (GaP solar cells has been mentioned in a previous paper;” however,
it should te pointed out that, if the anticipated open-circuit vo%tage of 1.5V can
be achieved, then operation of these cells to temperatures of 500 C would be
pcssibie. The low short-circuit currents of GaP cells would not necessarily
eliminate them from consideration since these cells would te expected to operate
where sclar intensities are many times those in earth space.

References
i. 4r-ves, W. (. an” spstein, Arnold S., "Single Crystal Gallium Phosphide Solar
Cells." Tnese proceedings, Section B-h.
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DISCUSSION

JOHNSTON-NASA AMES: What sort of commercial solder did you use on
your solar cell? Did many of your contacts fail at high temperatures?

MF. BRODER: We used a gold plated base for the maximum area contact.
™e top contact was a platinum sheathed knife edge pressed down on the top
contact. The solder did not run away. The gallium arsenide had a high
tempsrature alloy for the top contact, and we had no trouble there at all.
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The high reflectivity of the polished silicon surface of the ne.er
N+/P silicon solar cells has emphesized the need for properly designed
antireflection coatings to obtein improved solar cell performance.

The problem is complicated by the facts, that sclar cells are generally
tested in air, but are for their final application,; covered with a glass
or quartz r£.ide which is adhesive-bonded to the cell surface, and further,
that solar cells operating in a nuclear particle radiation environment
change their spectral response and are frequently to be optimized for

rerformance at the end of design-iife.

Experiments have been performed to explore the antireflection charac-
teristics of thin films of silicon monoxide which have been evagcrated

on the solar cell surface. The effect of the antireflection coating
thickness on cell response as a function of wavelength has been determined
and the improvement in cell short ciicuit current for Air Mass Zero space

sunlight evaluated.

Included in this study was the evaluation of the antireflection charac-
teristics after the application of a coverglass with adhesive over the
antireflection coating. For comparison, coverglasses were also applied

to bare cells with no antireflection coating present.

In 8ll cases the various coating comparisons were evalrvated based on

vhe cell short circuit current performance in Air Mass Zero sunlight.

O
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EFFECT OF ANTIREFLECTION COATINGS AND COVERGLASSES ON
SILICON SOLAR CELL PERFORMANCE
by
E. L. Ralph and M. Wolf

Heliotek, Division of Textron Electronics, Inc.
INTRODUCTION

This paper discusses recent investigations into the effect of antireflec-
tion coatings on the performance of N+/P silicon solar cells. The solar
cells studled were evaporated contact type cells with a polish-etched
ective surface. The evaluation considered evaporated films of Si0O as
the materiel deposited on the cell surface to form an interference type
antireflection coating. By varying the thickness of a single layer
coating it 1s possible to obtain low reflection over a fairly broad
range of wavelengths, and the minimum reflection point can be adjusted
so that optimum solar cell performance : obtained for a space solar
spectrum. If coverglasses are placed on the cell surface by means of
an adhesive the cell absorption characteristics are altered and this
effect was studied in an attempt to determine the optimum coatings
required for typical space applications.

DISCUSSION

To improve the transmission of photons across the boundary between two
materials of differing optical properties, a layer of a suitable third
material may be placed at this interface to form an interference type
optical coating. The material in this layer has to have the proper
index of refraction and a low absorption coefficient. The proper ind.«
of refraction Ny of the ma{erial in the interference coating is deter-
mined by the relationship:

1) "Optical Design" Military Standardization Handbook #141, 5 vct.
1962, page 20-22.

B-T-1
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Ny = 4 Mo Ng (Eq. 1)

where U and Ng 8r?2 the indices of refraction of the materials on either

side of the antireflec'.iun coating.

In the case studied, essentially pure silico.. with an index of refraction
of 3.4 to 4.0 in the visible rangea) 3) was the material on one side of
the boundary, while the second material could be any one of the following:
air (normally the case where cells are being tested for accertance);
vacuum (when bare cells are used in space); or t.e coverglass adhesive
{normally the case in space applications). For both air and vacuum the
index of refraction is 1.0, but for the adhesive it is typically l.2.
Therefore it 1s obvious that the optimum material for an antireflection
coating would nc* be identical for the two cases above. Since cover-
glasses are typically used, the most desirable costing should have an
index of refraction of cbout 1.8 to 2.2. This is a very high value
compared to amost materials which have the desirable properties of low
absorption, high stability and high abrasion resistance. Silicon monoxide
ras the desirable properties listed above and has an index of refir.ction
of 1.7 to 1.9 (depending on the evaporation processg*khich makes it a
very suitable coating materiasl even though it may be a compromise in

respect to the index of refraction.

Besides having the proper index of refraction the interference type
antireflection coating must have the proper thickness. If minimum

2) "Handbook of Chemistry and Physics" 1943 Edition; Chemical Rubber
Publication Co., 1961-63, page 3032.

3) "Journal Optical Society of America" Vol. 47, 244k.6, C. D. Salzberg
and J. J. Villa.

4) "Triple-layer Antireflection Coatings on Glass for Visible and Near
Infrared", J. J. Cox, et al, Optical Society of America; Vol. 52,
No. 9, September 1962, page 969.
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reflection is desired at a specific wavelength of light, the optical
thickness of the coating must be l/h wavelength, the optical thickness
being equal to the physical thickness muitiplied by n. Since s single
layer antireflection coating typically has low reflection ~roverties
over a fairly large wavelength range it is possible to achieve a coating
designed for minimum reflection at a specific wavelength (such as about
0.6 micron for space type cells) and simultaneously to obtain good
antireflection properties over most of the solar cell response range.

MEASUREMENT EQUIPMENT

To properly evaluate the effects of antireflection coatirngs on solar
cells two measurements are of primary importance. First the cell
spectral response can be used to evaluate the coating effect on short
circuit current performence as a function of wavelength. This measure-
ment probably is most valuable in antireflection coating analysis since
improved short circuit current is the goal of the study snd spectral
response is a direct meesurement of the property being investigated.
Second, the reflectance from the cell surface is needed to determine
the amount or light being lost. Reflectivity measurements point out
the amount of improvement thet can potentially be maede, and the change
of reflectance achieved by the film, while the spectral response shows
what improvements in over-all collzction efficiency have been made, but
do not indicate losses. Havirg made both of the above measurements one
is able to evaluate all of the properties of the antireflection coating
and determine both the decrease of refliectance and the losses in the
film thus indicating the suitability of the coating design.

For this investigation the spectral response and the reflectance were
measured using an electro-optical system as shown in Fig. 1. The light
from a tungsten fllament source was passed through a narrow band rass
filter to obtain a light beam of the desired wavelength. Thirteen

filters were used which cover the wavelength range of the solar cell
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spectral response, (0.4 to 1.1 micron). To measure spectral response
the short circuit current of the cell under test was measured relative
to a standard cell thus allowing for calibration on an equal energy

basis.

T measure reflectance the light heam was collimated into a small area
by means of an optical system. The intensity of the light beam was
measured with a solar cell detector which wae larger in area than the
beam. The cell to be tested was then placed into the beam and the
reflected light intensity measured with the same detector by rotating
the detector to various angles from the reflecting surface.

EXPERIMENTAL RESULTS

For this study 10 ohm cm N+/P solar cells were used. These cells were

of the evaporated-sintered contact type and had a polish-etched silicon
active surface. Figure 2 shows a spectral response curve (equal energy
basis) of a typical bare cell with no antireflection coating, as measured
in the eq#ipment described above. Also shov: 18 the spectral response
curve of the same cell after application of a near optimum couting of

an evaporated film of silicon monoxide. Both curves are relati-c recyponse
curves (i.e., the absolute flux density of the light source is not known),
but both curves were taken at identicel flux denai*.i3. There ore a
change in solar cell spectral response due to the oating gives an actual
measurement of the change in the over-all collec’- a efficiency v (AN).

By tsaking the ratioc of the short circuit currenmi .easvr 41 at each narrow
wavelength band Isc(x) (coated) to L. (\) (vare) «»? by eprri: wvx this
ratio and the bare cell spectral :response to the Alr Mess seru s'mnlight
spectrum, the degree of improvement obtuined from the antireflection

coating can be evaluated for space applications.

The reflectivity as a function of wavelength for a bare and a coated
cell, as measured in the equipment described sbove, is compered in Fig. 3.
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The bare cell reflectivity was found to be essentially wavelength indepen-
dent with a value of sbout 32%. The coated cells had a minimum reflection
point, which was dependent on the coating thickness, and there the reflec-
tivity attains values of less than 1%. This type reflection curve with
the broad range of decreased reflection is typical of single lsesyer anti-
reflection coatings and is highly desirable for a broad response device

such as the solar cell.

In order to determine the optimum thickness for Si0O antireflection
coatings a series of c2lle were made with various coating thicknesses.
The short circuilt curreat improvement ¢nd reflection losses were measured
and are shown in Fig. 4, It can be seen that substeatial changes in

the antireflection properties of the films were obtained with a slight
change in coating thickness. As the film thickness increased the wave-
length of the peak current ratio and of the minimum reflection value
simultanecusly shifted toward longer wavelengths. This data indicated
that for a specific light source such as Air Mass Zero sunlight there
would be an optimum coating thickness which would give maximum current
output. To determine this optimum thickness & numerical integration of
the product of spectral response times the Air Mass Zerc sunlight energy
gpectrum was performed. Column 4 of Table I shows the detail and result
of this process for the bare cell. Columns 5 through 11 are obtailned
by multiplying the products of Column 4 for each wavelength interval
with the current ratios shown in Fig. 4 (for the various coatings).

The relative Air Mass Zero sunlight short circuit currents corresponding
to & bare cell and to the various Si0O coating thicknesses are shown as
summations at the bottom of the Table. Also shown is t.e coated to
uncoated Isc ratio which indicates the improvement in Air Mass Zero
sunlight that was obtained. The maximur imp:~vement obtained was 28%,
however all of uwue four thinnest coatings had an improvement of 26% or
greater. Ilherefore any of these coatings would be suitable for space
spplications assuming the coating terminates in air or vacuum and no

other materials were placed at the surface.
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Since most solar cell applications require glase coverslips to be epplied
to the cell surface by mesns of an adhesive, the above analysis was
studied further in respect to this modification. A curve show: g ithe
effect of coverglasses on coated and bare cells is shown in Fig. 5.
The short circult current ratioc was measured and the cUvrerglass on the
coated cell caused an improvement in response in the long wavelength
region and a decrease in response at the maximum improvement wavelengths.
Since the coverglasses had a 0.410 micron cutoff filter applied there
waes & substantiel drop-off at this wavelength. The effect of applying
a coverglass to the bare cell was & relatively uniform improvement of
about 13%. This was substantially below the values obtained when cover-
glasses were applied to Si0 coated cells irrespective of the variations
in coatings that were studied. Three different Si0O coeting thicknesses
in addition to the bare cell) were analyzed with and without a cover-
glass applied and the integrated m = O short circuit current values
obtained from this experiment along with the first experiment are summar-
ized in Table II. In each case the 510 coated cells decreased slightly
after coverglass application, however only the thicker light blue cells
(which did not have th. optimum design coating) showed more than a 1%
decrease. Therefore it appears that the optimum coatings for cells
terminatine in air or vacuum are only slightly affected by applying
coverglasses and a single SiO coeting thickness design is satisfactory

for space applications with or without coverglasses applied.

CONCLUSIONS

It has been shown that the optical characteristics of evaporated silicon
monoxide antireflection coatings on solar ceils are highly dependent on
the film thickness. By proper design,these coatings can be optimized
for maximum solar cell performance in space sunlight applications.
Although silicon monoxide coatings are satisfactory and make a svbstan-
tial improvement in solar cell performance, it should be possiuvie with
the proper selection and matching of the index of refraction to obtain
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8 <o ting material with decreased losses (i.e., minimum reflection and
absorption).

The effect of applying coverglasses with ai. adhesive to the cell surface
was found to be significant at certain wavelengths, however the overall
efifect on solar cell performance was small and a suitable coating thick-
nees design was obtainable which gave good antireflection properties
with or wiii~ut coverglass applied. It was determined that the use of
coverglasses without any antireflection coating present did not give
satisfactory cell performance.
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TABLE I

g=L-4

Effect of Antireflection Coating Thickness
on N'/P Solar Cell Shert Circuit Current in Space Sunlight
1 o 3 L 5 6 T 3 Q 10 11
Waveiength Surnilight m = 0 Relative Product

Iuterval Energy in Spectral (2) (3) Pale Light Dark Dark  Purple- Red- Yellow-
Center Point Interva, Kesponse Bare Cell Biue Blue Blue Purr.e Redl Yellow Green
M..ron 10”7 /cm Bare Cell Current Coating Coating Coating Coe .ing Coating Coating Coating

4o .808 .243 .196 .15 17 .19 22 2l .29 .28

B 1.035 .337 .349 .31 .36 .38 el A7 L8 .51

.50 .998 420 .49 L 48 .50 .56 .59 .59 .59

.S .965 el 182 .52 .60 .61 .66 67 67 67

.60 .903 .575 .519 .59 .67 67 .T1 .72 .71 .70

.65 .812 6L1 .520 .61 .69 .68 .70 L6¢ .69 .68

.70 .721 .702 .506 .62 .67 .65 .66 S .65 yan

.75 .6LT7 .T60 492 .61 64 .63 .63 .69 .62 61

.80 .563 197 Jpivite} .56 .58 .57 .57 .56 55 .54

.85 .502 . 796 400 .50 .51 .50 49 ity A3 g

.90 L8 .752 -337 4l L2 b2 W4l RN 40 .39

.95 Lo2 .588 .236 .29 .29 .28 .28 .23 .28 .27

.00 .363 .398 R 17 A7 L7 17 17 17 .16

1.05 .333 .205 .068 .08 .08 .08 .08 .03 .08 .07

Relative m = O Current =2= 5.214 5.83 6.33 6.33 6.58 6.65 6.62 6.58

I__ (Coated)
Ratio —— = 1.00C 1.12 1.22 1.22 1.6 1.23  1.27  1.26

I, (Bare)
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SUMMARY-TABLE IT
Effect of A-tireflection Coatings and Coverglasses

on N'/P Solar Cell m = C Current Ratio

I, (Coated )

I, (Bare)
First Experiment Second Experiment

Antireflection T (€'I5c(B) Isc(c)/lfsc(B)
Coating Color 5i0 Coated Only S10 Coated Onky After Coverglass Applied

Bare 1.00 1.00 1.13
1. Pale Blue 1.12 -—- -
2. Light Blue 1.22 1.25 1.22
2, Dark Blue 1.22 -- -
L. Dar Purple 1.26 1.26 1.25
5. Purrple-red 1.28 - --
6. Red-yellcw 1.27 1.24 1.23
7. Yellow-green 1.26 - -
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01-L-4d

1IcCO0 W
LAMP

——— INFRA- RED) —o
— RAYS —=

REG ULATED
1.0V AC

Figure 1

SPECTRAL RESPONSE AND REFLECTOI ER EQUIPMENT D!AGRAM

G/602 T08-0Id

LENS *CO.D MIRROR"

BAND PASS
! FILTER 'j

I |
| ,LENS CELL UNOER |
| \\ | L» // <;Tﬁi;‘OVIGL;\\h |
REFLECTOMETER \\\ , ———— |
| \\\\ | _() = |
| f/( EFLECT/E?
MO

APERTURE

VABLE SOLAR
I WATER ‘-: :j"’

CELL DETECTOR

|

|

l

|

| seeoraAL mesonse |
L

SPECTRAL RESPONSE BOX j l__ REFLECTOMETER 80X _j

s — | — s, et S—  —— C—— A co— ———— ——— — — . — —— — — —— r— — o —
—



11-L-4

2 *31d

et ———— 1 T P T S et A TR e G ——g e

RELATIVE RESPONSE

[
|
TYPICAL SPECTRAL RESPONSE
12— OF N/P SOLAR CELL BEFORE
AND AFTER S10 ANTIREFLECTION COATING
; / /—S!O COATED CELL
| \1 BARE CELL
08— TE—
~ N
! ,4/
06 \
A \\
/ \ |
0-4 r‘ \\\ "l
\\
0.2
(0]
0.4 0.5 0.6 0.7 0.8 0.9 1.0 i1

WAVELENGTH (MICRON)

P A S W T Y v

6/602 T08-0Id



CASIAS

4 ¥

£

48031

REFLECT ION (%)

WAVELENGTH (MICRON)

EFFECT OF S10 ANTIREFLECTION COATING
ON BARE N/P SOLAR CELL REFLECTION
40 l |
BARE CELL
30
20 -
S10 COATED CELL
\ o /

—\ ydk/
'0 \ //
0 e

04 0.5 0.6 07 0.8 09 10 1.l

¢/602 10S-0Id



¢ 1=l

1 *B1d

0aZve-i

Igc COATED /7 1gc BARE (SOLID CURVES)

.S

14

.3

1.2

1.0

0.8

0.8

| { i | I
EFFECT OF Si10O ANTIREFLECTION COA’“NGi
THICKNESS ON N/F SOLAR CELL REFLECTION
AND SHORT C!RCUIT CURRENT —
{ \
/ ) \\\
Q\gf o =%
N — e
\ | = — ¢
N s S,
NN 17 = _—7 ,®/.//?/
\\ Y =" -~ — - <
S, BTSN A<~ —T— pod .
Sl /55 o< ///// _—t LEGEND:
/=y e S NO.  COLOK THICKNESS (A) |
@ PALE BLUE 1900
@ LIGHT BLUE 1700
® DARK BLUE 1600
7 @ DARK PURPLE 1400
® PURPLE-RED 1300
© RED-YELLOW 1200
@ Y LLOW-GREEN 1100
i 1 1
0.4 0.5 0.6 (0N 4 0.8 0.9 1.0 1.1 1.2

WAVELENGTH (MICRON)

20

10

REFLECTION (%} (DASHED CURVES)

$/602 108-0T4



w

)

wi-L-¢

6/602 108014 -

Igc COATED / 14c BARE

veve-)

¢ *314

I EFFECT OF SiO ANTIREFLECTION COAT!NG AND
! COVERGLASS ON N/P SOLAR CELL SHORT CIRCUIT CURRENT
l I B I
S10 COATED CELL
,1:\./— COVERGLASS ON SiO COATING
- \\
7 ~
// \f\
/V \\\§__‘_______4— //’
\ <
- - - J;—/
- —— T
| A / .
— COVERGLASS ON BARE CELL
05 0.6 0.7 0.8 09 . 1.0 1.1

WAVELENGTH (MICRONS)




© m memm e e nremim— e

2 e ——— e -

PIC-S0L 209/5

DISCUSEION

INFERSKI -~ BROWN UNIVERSITY: I hope that it's not true that super blue
coatings are really purple or yellow green.(LAUGHTER)

AMES - NASA, LANGLEY: Wereyow slides microsheet Corning 02117
MR. RALPH: Yes.

AMBES - NABA, LANGLEY: A second guestion. 1 noticed that you got about
13% increase when you covered & bare cell with the slide. Is that correct?

MR. RALPH: Yes.
AMES - NASA, LANGLEY: Do you have an explanation for this?

MR, RALPH: Why, yes. There is an adhesive that holds the cover glass
down, so thav there is &n adhesive layer on the silicon. This layer has a
refractive index of about 1.2, which is not the optimum index for an anti-
reflection coating, but it is better than nothing. As a result of the re-
duction in reflectivity, the output increases.

CUSANO -~ GE: You are putting material on the surfaces to make them
anti-reflecting. Does this have any effect on the surface recombination
velocity? Do you see any decrease in collection efficiency?

MR. RALPH: No, you definitely see an increase. Any effects of surface
recombination would have been overwhelmed by the increased numbers of photons
penetrating into the silicon.

CUSANO - GE: The performance of the cells at maximum absorption conditions

ir dependent on surface recombination velocity.

MR. RALPH: Yes, but you slways have an oxide layer on the surface any-
vay and you are just putting the anti-reflection layer on top of it. I don't
think there would be any effect.

WERTH - GENERAL MOTORS: We put some anti-reflection coatings on
germanium and we found an increase in the short-circuit current from about
3.2 amps per cell to about 4.8 amps per cell. Thisis quite appreciable, but
of course the index of refraction of germanium is 4 which is somewhat higher
than for silicon at 3.4. You would expect more improvement for silicon than
for germanium.
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Desis . of Optically Reflective Electrodes

for Germanium Cells

John Werth

General Motors Corpcration

Germanium photovoltaic cells y: -2y .ron ¢ atia,  gray body at
o . .
400 C (figure 1) have a potent.a! i nerc = - ~arput/radiant energy
1 . .
absorbed) of 20 to 25%.( ) In ovde = i a-".ieve thas tevel of efficiency,

however, a relatively transparent cell backed by an optically reflective
electrcde must be fabricated. Such a c~ll acts, in effect, as a second
surface mirror {or radiation beyond th~ energy gap of the cell. (figure 2)
More than ‘wo-thirds of the radiation fiom a 1400°C gray body lies in this
spectral region, hence the importance of reflecting as much of it back to
the heat source as possible. In addition, the efiactive depth of a reflective
cell is twice its actual thickness, hence more useful radiation can be ab-
sorbed and converted.

To be effective, the back electrode must be designed to meet three
criteria: flatness, high total reflectivity, and ohmicity. It must b~ flat
to within a fraction of a degree, for otherwise the light would not return
to the source due to the high refracive index .i germanium, Its refiectivaity
must approach the theoretical ma..'mum, given by the equation

2

2
_ k 4+ (n -n,)
R = 1 2 (2)

2 2
k™ + (n1 + nz)
where k is the absorption coefficient of the metal electrode and n, and n

1 2
are the indices of refraction of the metal and the gerrnanium,

(1) J. Werth, Proc. 17th Annual Power Sources Conf., pp. 25-26
(2) Concepts of Classical Optics, J. Strong, p. 72
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For germanium andc gold, thecry predicts a maximum redlectivity of
95%. Finally, the electrode must provide good ohmic contact with the
germanium, There should nat exist a barrier in the direction of cell
current flow capahie of causing a voltage drop of more than a few per-
cent of open-circuit voltage.

Gold elcctrodes on 0,1 chm-cm n-type germanium were fabricatea,
ind measured with respect to the three criteria. The germanium was
‘irst electropolished. The electrode was then vacuum-deposited after
the germanium surface had been degreased and cleaned with dilute nitric
acid. No glow discharge was used; the vacuum was of the order of 10-8
millimeters of mercury. A gold leat was vaporized from a tungsten fila-
ment at approximately ZOOOOC; the gold condensed on the germanium
surface which was being held in the evacuated enclosure at low temperature,
facing the tungsten filament,

The resulting samples were then measured for flatness, reflectivity,
and ohmicity. Flatness and reflectivity were measured by means of a
specially designed goniometer capable of distinguishing between purely
specular reflection, angularly displaced specular reflection, and scat-
tered radiation, The measured specular component of reflectivity was
92.7% & 0.5% in the 2 to 10 micron region, showing that the first two
criteria could be me. - at least for cells with the junction at the front
surface and an electropolish at the back surface, Ohmiciiwy was then
measured as follows.

Contact was made between a .02 cmZ pobe and the germanium front
surface by means of a gallium-indium eutectic. The gold-coated back
surface was placed on a large, flexilie copper electrode. The effective
resistivity was determinad vy subtracting from the measured external
resistance the measured rasietance of the germanium slal (the re-

sistance of the probe contacts was found to be negligible). The results
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showed that, for current densities of up to 4 amps/cmé in the normal
direction of current flow, i.e,, from the gold electrode into the n-rcgion,
the contact resistance did not exceed 0,001 ohm-cmz, and may actually
have been smaller. The resulting voltage drop of 4 millivolts or less is
only about 1, 2% of the open-circuit voltage, and represents a reasonable
and acceptable ioss.

Before tae corplete feasibility of a satisfactory reflecting back electrode
can be established, the same measurements wili have to be repeated for
back surfaces that have been etched after electropolishing, since an un-
treated back surface may give rise to excessive surface recombination,
Alternatively, the electrical performance of an unetched, electropolished.
electrode-connected‘back surface would have to be verified.

Also, it would be interesting to repeat the fabrication and measurement
steps for germanium slabs with reflecting electrodes next to, instead of
opposite, the junction, since there are advantages to cells with the junction
at the back surface.

From the measurements madce so far, an ohmic electrode of high spec-
ular refiactivity can be depoaited on an electropolished slab of n-type

germanium by conventional vacuum-deposition techniques.
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DISCUSSION

IOFERSKI-BROWN "TWTVERSITY: 7You said that the efficiency was about
2h%. TIs the overall efficiency for the device you are talking about?

MR. WERTH: No, this is not the overalil efficiency of the davice. This
is the potential officiency cf the cell. It is the ratio of electrical power
out of the cell to energy abscrbed into the cell. It does not take into
account the efficiency of the burner, and it does not take into account the
amount o7 power requir=d to keep the cell cool.

LOFERSKI-BROWN UNIVERSITY: What is the overall efficiency?

MR. WERTH: The overall systems efficiency would depend on the size of
the device. For a large device, it could avproach 15 to 18%. For a small
device, &« 1 kilowatt or less, it would be less than 10%.

ROSS-HOFFMAN ELECTRONICS: I wonder if the layer that you placed next

layer, does not degrade your lifet.me below the advantage you have gained
from the low resistance contact.

MR. WERTH: It may very well be that the optical characteristics of an

electrode with an alloyed or diffused junction may not be as good as with a
straight slab of germanium.
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