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THMINICAL MEMORANDUM

CHARACTERIZATION OF THREE TYPES OF SILICON  SOLAR

CELLS FOR SEPS DEEP SPACE MISSIONS

Volume 1. Current-Voltage Characteristics of OCLI BSFIBSR

v	 10 ohm-cm, BSR 10 ohm-cm, and BSR 2 ohm-cm Cells

as a Function of Tem perature and Intensity

I. INTRODUCTION

This is the first in a ser1c3 of technical reports on the character-
ization of high performance solar cells 'tinder conditions of low tempera-
tures and low intensities. Today's solar calls latzve been designed for
maximum performance art 1 AU*, AA10, with little regard for the aharac-
terist es 'lint would enhance their performance in deep space. In the
late 1960's and early 1970 1 s, data were generated on a few solar cells
under Jupiter mission conditions; however, little has been produced
since that time. The interest in solar call performance under deep space
conditions has been renewed as a result of the SEPS Halley Comet Flyby
and Tempel 2 A-lission. 'These data generated in support of the SEWS
program tire aimed at identifying which of the currently available cells
possess the best characteristics for deal) space performance. This report
contains data pan three types of cells taken at 9 intensities and 10 te ►n-
peratures identified along tlac SEPS Mission profile. uraplzs and tables
together with interpretive conclusions raze presented for the three types
of cells.

i. TEST PROGRAM

A. Solar Cell Descriptions
Three types of cells (13SF/13SR 10 ohm-cm, 13511 10 olim-cm, and

BSR 2 olrm-cm) from Optical Coating Laboratories, Inc. (OCL1),
described in `fable 1, were selected to compare, under conditions of low
temperature and low intensity, the performance of the 13Sr/BSR con-
figured cells to that of the 13SR configured cells and the performance of
the 10 ohm-cm base resistivity cells to the 2 Ohm -em base resistivity
cells. The silicon utilized in the manufacture of these cells was
Czochralski produced (high oxygen content) and boron doped.

* For this and other acronyms see glossary.
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B. Test Profile

The test profile for the evaluation of these cells is shown in Table
2. These temperature/intensity values were selected from the SEPS
Malley Comet Vlyby-Tompol 2 mission environment. In addition to the
I-V data taken at various temperatures and intensities, dark I-V data
were taken at nine temperatures.

C. Test Equipment

The cells were mounted to a copper plate using RTV 560. Each
test set consisted of 16 cells; one set is shown mounted in Figure 1.
The copper plate was then heat sunk to a plate configured for eooling
with liquid nitrogen and for heating with hot air. The copper plate and
two cells were thermocoupled and temperatures monitored continually.
Coll temperatures were maintained independent of the incident solar
intensity to within ±0.5°C from 50 0 to -1.75°C. The cellswere installed
in a vacmim system having a 30-cm diameter, 6 mm thick UV grade
fused quartz window and tested at a pressure of 1 x 10° 4 pascal or less,

The illumination source was a Speetrolab filtered X-75 solar simu-
lator. This system provides a combined beam from three 2.5 kW xenon
lamps covering an area of 230 cm2. Beam intensity was measured at
each cell position and was determined to have a uniformity of ±2 percent.
The spectral output was modified through the use of a filter system to
approximate the solar spectrum. Illumination levels were maintained
through the use of a set of neutral density filters and by varying the
position of the test chamber. Cell illumination level was monitored
through the use of a water-• cooled calibrated cell maintained at 28°C
0.5°C. One solar constant utilized in the calibration was 135.3 mW/cm2.

A Spectrolab electronic load model D-1550 provided the variable
load for the cells. The cell I-V curves were plotted on an X-Y recorder.
Digital voltmeters were used to read the open circuit voltages and short
circuit currents. All instruments were calibrated prior to the initiation
of these tests. The test setup with associated instrumentation is shown
in Figure 2.

The value of the dark current produced through each individual
cell 'by do forward bias voltage was recorded at each temperature from
zero bias to a current of at least 10 mA. These dark I-V curves were
analyzed in terms of equivalent circuit models for the solar cells. Pe-
liminary model calculations for selected cells from each set are discussed
below. The dark I-V data shown in Table 3 for the best and worst cells
of each set have been transcribed from the linear scales of the X-Y
recorder to the log I versus linear V scales shown.



III. PRESENTATION GP TEST RESULTS

Currrntnvoltago characteristics for each of throo sets of iG silicon
a7olaar coils supplied by OCI,l have been measured, The mean values of
each set observed at each operating condition (temperature and light
intensity) , together with observed standard deviations and mean effl-
ciancies, tire presented in both tables; and graphs, The graphs fire
plotted from the ftta presented in the tables. The behavior of the
Individual best and worst cells of each set, selected on the basis of
maximum power output tit 0.086 .solar constant (SO)/-100 0C (where the
SUS will spend conslderable time) , is described by graphs of their
efficiency versus light intensity and temperature and graphs of their
Clark current vorsus forward Was (daarlc 1°'V) tit 25 0 t and at °1500C.
Table 3 presents preliminary model calculations from the dank X-V data
for these best and worst colls.

Examples of the dark current versusforward bias for "best" and
"worst" cells are presented in Figures 3 and 4, respectively, Current-voltage,
parameters of the best cell of caach set selected on the baasi, of its maxi-
mum power output eat 0.080 SO and tat -100 0 C are shown in ',fable 4,
Dill factors which show data scatter within each group are given in
'fable 5 for three test conditions.

A. Genera( Features
The response of those sets of solar cells to simulated  solar illumina-

tion and 'to various temperatures is round to have the following general features:

1) Short circuit currant, l , is directly proportional to inputsc
light intensity. The proportionality constant being nearly independent
of temperature is> it feature of good cell design.

2) Open circuit voltage, VOe , increases linearly its call tempera-

ture is lowered, with the slope being nearly independent of light flux.
The absolute value of V 0 drops with increasing light intensity by
approximately 50 percent from 0.040 to 1.0 SC.

3) Maximum power, MP, is directly proportional to the incident
intensity at etich temperature, with a monotonic decrease of the pro-
portionality constant with increasing temperature.

a) Efficiency tat maximum power output decreases steadily with
increasing temperature, the mean value dropping approximately by a
factor of 2 from -150°C to +50 0 C. This feature is independent of light
intensity above 0.08 SC its expected from the close correlation in high
performance cells between the maximum power conditions with the open
circuit voltage and short circuit current features.

3
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b) Maximum power current, l min, is directly proportional to
tight Intensity and essentially independent of temperature, This feature
Is closely related to that of the shoot circuit current in these high per-
formance cells.

c) Maximum power voltage, Vnip , decreases linearly with
Increasing cell temperature, Independent of light int omsit- above 0.08 $0.
This linear decrease feature Is closely related to thot of the oven circuit
voltage In these high performance cells.

4) Scatter of measured values within eneh of the sets of 16 cells
is indicated by the standard deviation values in tine tables. ,mother
measure of the scatter within each set is given by the till factors at
three test conditions and by discussion of a few Individual cells, selected
as having the best and the worst maximum power output tit 0.086 SC and
-100°C.

B. BSF/BSR 10f,,^:m -cm Silicon Cell
I, V , l	 , V , a ►ad ^iii^ aic i:t%JLL, iaa fui,utions of tetilj^ era-so	 00	 trap	 ►ttp

ture and intensity in Fi gures 5 through 14. Average values with stand-
ard deviations tire summarized in Tables G through 10. :ell efficiencies
tare platted as functions of temperature and intensity In Figures 15 and
16 and summarized in '.Cable 11.. To illustrate individual cell performance,
the efficiencies of the best and worst cells tire plotted in Figures 17 and
18.

Large standard deviations (above 2 percent) been to appear within
this set of 16 cells in their Voc below - 500 C and below 0.128 SC.
Similarly, large (above 2 percent) standard deviations appear in V mp at
and below - 50°C and, tit and below 0.128 SC. Imp also shows significant
(above 10 percent) standard deviations tit and below -75°C and at and
below 0.128 SC.

C. BSR 10 ohm-cm Silicon Cells

Ise' Vac' Imp , V 111 , and MP are plotted as functions of tempera-
ture and intensity in Figures 1.0 tlirou frh 28. Average values with
standard deviations are shown in Tables 12 through 16. Cell efficiencies
are listed in `fable 17 and plotted as functions of temperature and
intensity in Figures 29 and 30. Similarly, the efficiencies of the best
and worst cells are shown in Figures 31 and 32.
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Voc show. standard deviations as large its 2 percent only at 0.0,10
SC below r 75 0C. Vmp displays sindlar large (above 2 percent) standard
deviations tat and below °50 0C and 0.086 SCa.

D. BSR 2 ohm-cm Silicon Cells

Ise' Voc, I iaal) , Vnal>' find MP tire plotted as functions of tempera-

ture and Intensity in Figures 33 through =12. Average values with
standard deviations lire summarized In `fables 18 through 22. Cell
efficlencles tare plotted as futictions of temper ,,attire anti intensity in
laigures Eli 

and 44 and listed In Table 23. In addition, the hest and
worst cellar offieleneles tare plotted in lslgares X15 and 96.

Large standard deviations begin to appear in V	 tat -75°C;fill) and

0,003 SC and below. llowevor, ta11 of the standard deviations In the V
observed for these 16 13SH 2 ohm cm cells were well below 1 percent. °e

iii, Di S riVSJIVI^ VrGSUL,.I J

A. General Features

A number of observations are made concerning the general charac-
teristles of the data. The small -standard deviations at and above 0.1 SC
find - 50 0C`, In the data indicate that the meaasurements were apparently
carried out with surfielent precision to enable discrimination of deviations
of a few percent iii the output from cell to cell tat any given combination
of temperature and light intensity. The small standard deviations in
current which decrease with decreasing solar intensity tire attributable
to the betam nonunlformity of FL,2 percent. `There is sonic question as to
whether to test lot of 16 cells is surfleient to provide reliable duality
control statistics for these manufacturer lots tat low temperatures and
low intensities (LTIJO.

Maximum lower output was determined to be greatest at 1 SC /+25QC
in the BSF IBSR, 10 olam-cm cells and greatest tat LTI,I in the BSlt 2 ohm-
cm cells, Large variations in Vtill) were observed in the BSF/BSlt cells
fancier L'I'Ll. as to reduction in the curvature of the I-V curve around the
maximum power point. This reduction in curvature of the I-V plot is
manifested in two forms °- one as to softening or the I-V knee only and
the other as as gradual decrease in current initiated in the low voltage
portion of the curve. This reduction in curvature of the I^-V plot
results iii lowering of tine MP of the cell aand thereby reduo.as solar cell
efficiency. ',file magnitude of this occurrence in the three sets of cells
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tested Is seen in the 1111 factory distributions presented In Table 5.
Efficiencies of the best and %Voilst calls selectett on the basis of maximum
power output at 0.086 SC and -10000 .Tow the extreme values in cell
output within caach teat set. The current-voltage parameters listed for
the hest cells within each group in Table 4 demonstrate the capabilities
of the individual dell type with the I3Sr/13SR Coll have the highest
efficiency at almost nil test conditions. Mean officienelaes at 1 SGt*250C
were determined to be 14, l percent for the l3Slk /BSR 10 ohm- cm cells,
12. 1 percent fc7rHthe-13SIZ 10 olim,-cm calls, and 13.3 percent for the I3SR
2 olim-cm cells.

One of the objectives In this study wns to finalan observable solar
Coll feature prevent at room temperature which would correlaite well with
cell performance under low temperature and low Intensity conditions.
While there exists a visual correspondence between tho ranldng of the
cells light l-V curves and their Clark I-V Curves, no single parameter in
the light I-V curvos cotald be detormIned at root:: temperature to Correlate
to the L'1`TA Coll perforninnoo. Preliminary conclusions based on the dark
current data provided in Table 3 show a Correlation :as follows: When
the junction defects in the cell give; a shunt resistance (11 ) below43 D
500 ohms, the RIP available at 0.086 S(J; an"'! ^1000C. alts oft= sharply;
Above that value of itJI) the presence of edge Channel resistances (8011)
below 1i{ ohms appears to affect the available power output. Both R JD
and RC11 tare available from the room temperature daarlc I-V Curves as
illustrated in Table 3.

B. Comoarison of Configurations — BSF/BSR 10 ohm-r ►n
to B S R 10 ohm-cm

The BSI /BSR cells show a granter V 0 than the 13SIl 10 olim-cm
cells aat the higher temperatures nand intensities — the difference in the
average vaaluesbeing 79 mV at 1 SCI+50°C, However, this difference
decreased with deerc3aasinn- temperature:: and intensities with a crossover
occurring in the mean values tit 0.063SC/-125°C. The l3SF/BSR cells
show a decreasing change in Voe with temperature at the lower tempera-
tures. Data on the resat cells of each group (selected at 0,086 SO/-1000C)
indicate a difforenec in Voc at 1 SC1+50°C of 57 mV with equivalent
values at low temperatures and low Intensities. No evidence of a Schottky
barrier was present in any of the cells tested as would be manifested by
a decrease in VeC with increasing solar intensity or by tin increase in
current near Voc . The application of the BS1P to the BSR cell was
:apparently not successful in increasing the fill factor or Vec aat LTLI as
had been expected.



Short circuit current is grantor in the 13SF /BSR cells than in the
13811 10 ohm-cm cells at the higher temperatures and intensities -- the
difference in average values being $ mA greater for the I3SP/13SR cells
at 1 SC/+50°C. This difference decreases with low temperatures and
low intensities. The hest cells of each set show similar values at LTW.

Maximum laower output tit higher temperintures and intensities is
greater in the 13SF/13SR cells — 6 19.1 mIV tit 1 SC/+50 c O compared to
55.5 mW for the 13SR 10 oli^ii -cm c^c lls with the difference docreasing with
decreasing tomperatures tool intensities. Maximum power voltage and
current show trends similar to Voc and Ise with the 13SF/13SR cells
having higher values tit higher temperatures and intensities. VIP, low
shunt resistances evident at LTLI in the 13SF /13SR cells reduce Vm p and
bring about lower efficiencies in three cells.

C. Com parison of Base Resistivity — BSR 10 ohm-an
to BSR 2 ohm-cm

The Voc in the 2 olim-cm cells was approximately 50 mV higher
than that in the 10 olim-cm calls throughout the test profile. No decrease
in Voc with tompera.ture tit LTLI was evident in the 2 ohm-cm cells. The

large standard deviations (above 2 ,percent) in the 10 ohm-cm cells at
0.04 SC and tit -150 0 C and below indicate decreases in V oc in some of
the 10 ohm-cm calls.

Average values of short circuit current were 3 mA higher in the
10 ohm-cm cells tit 1 SC/+25 0 C. This difference decreased with dccreas-
ing temperatures and intensities with a crossover in the data occurring
at 0.063 SC/-100°C. The best cells of each group show a similar trend.

The MP produced by the 2 ohm-cm cells is greater than the 10 ohm--
em cells throughout the test profile. The higher values of Vmp available
in the 2 ohm-em cells are responsible for the greater MP values and the
subsegi.ient higher efficiencies. The trend in Imp in these cells is
similar to that of the short circuit current. The 2 ohm--cm cells showed
the most consistent cell-to-cell electrical characteristics at both high
temperatures and intensities and at low temperatures and intensities.

D. Calculation of Model Parameters from Dark I -V Data
To correlate individual cell performance with one or more of its

physical features such as edge channel resistance or shunting junction
resistance, the dark I-V curves were analyzed by means of an equivalent
circuit for the cell. The principal effects of shunting around the solar
cell junction by edge channels and junction defects were represented
with the simplified equivalent circuit in Figure 47. By treating the
diodes as switches the cell in the dark should show:

7

/4



1) At low rorwa rd Was ( ex 0.2 V) , till ecluivillent rosistaiwo of
It S +° ItEll)'

2) At Vigil forward Wits (it tealll)eratul'e dependent value 1 0.8
V) all eclairillent rosisttilice of lt8,

3) At intermedialte dials (when the odgo elta nnol diode is switchOd
oil but the cell ' unc'tion diode Is still off) till eelltivallellt resistance or

13 CTll I it JD

Vtilttes o f these tlime rosista noes, It /̀ ! 11 01 11) ilild 12011 1 ltttve been enl.-
Cultited froill the dark I V "naives alllcl ilro listed lit 'l'atllle 3 for the hest
alllcl worst cells solveted from these th1'ee test star;.

The gollerall foaltiu'es of the simplified ltlodel pilraaueters 111 Table 3
show dint;

1) 'Pile offeetivc Series resistance, H S $ is consistently tow a1S it
should he for high per.f01, 111altice Cells, with 1117 c'htlllgo .troll) best to worst
performance ill those three sets or 113, The temperature dei7on lonce. of
it S ultly be lllterprotnd Its due to tit() temperature (lope 11doli e of the

4

(;t11`r Or colle'e11trildoll all the 11 allld 1) regions of the silfeoll wilfer

) The sllulrtillj; dol'oc'ts :ill the cell just tioll, represented by ItJl)'
secill to be 

r'ospoli sihlc 1.,or'tile reduc tion ill performance from Dist to
worst alt roll tellipol liitu110 All till three gets with they shlt;ulllr exception
o1' cell 15 all the B81t 2 e)111rl oil) set. Similalrly, alt-1,50 0 C, the worst
13SVIl3Slt cells find their junctions shulited by till effective low resist-
illico.; the tell) 1)oriltlive dopondellce or ItJD in theSC two cells indicates the

type of dei'eot existing within thoir junction 1)ecomos it  ore..  ef'L'octivo.
shunt tat low tenll)oralturo. Ilowe^vel', the %Yovst 13SIt cells tit low teml?wt^al-
tune showed remarkably liat;h vtlliles of , It

1^
 ill dlealtint;• that tho reduction

111 1111' tit .low 'tc?11 pol'aturo as due to st)Ille otllov (11'ri' rillc,es l)etwooll the
cells; the defects i ll the 13 SIZ junctions al1'e of such al type tlltit, 111
talc! dark, they requiro fiell)periltitl'e aletiv iltion to shilllt ",I gill 11 call t
curr elits Ror^oss the junction .

3) The e± Igo elitilillol rosis till Ims, tiss' -milli;' "111 the edge? (11111111101
have al daociel ,"witching Nroltilge -Z 0.2) \T , leave vtlllles 110111' 500 ollills tit
25 0 C, and lionr tli olltlls at - 150 0C. There.flore tile edge cltt roll resist-
tllice is the pl.-Il1Cipill shlltl'. rosi at aince during' Ill alx i lllltill 11olver' operation
ill till of the cof s tosted , t^^.0opt the two poorest of the 138F/13511 set
w1loro junction do.roelts a vo so bml.
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V. SUMMARY

The 13SP/111S1t 10 olim-cm cells providod We lust per form 1lice tit
i SCE/+25 0 0 (H, .l pvVeont orrieielicy) but 1'tiiled to provide the bolt por-,
fol illmlov lit 1'1`1.1. However, these cells 11rr clip€iblo of high performance
tit LTLI blisod oil the behavior or the best cell in the set. The 11811 2
ohnl° ell)	 hnci the highest 1,TIA perlorninnev (M2.2 percent erricienc.y
tit 0.04 SCl/ 470 00, Vov tho sot) €tlul the most conl.41.4tont Coll-to'coll
ell 11Vnet0ris tit's - The pel'forillanco observe d for the throe sets of cells is
.8111'Innt11'1zed by the graph of rolaitive m , Ixi III till) power output, P/Po (Po 1a
tho power produced €1t OMIT, tit a till) versus holioro n tr:ie distance In

l$. F.ip"uro 49 1,0I)1'osVIILs the all',rity mission tenll)orntures utiec1 in
t,'ellortltillt the datil. '1'ho two sets o1' 11S1t roi., r1v,*u1'ed polls produce
approximately t11e stmle 'P/Po outputs tit largo, AtI ls. Tlleer Viv(, Vor
example. P/Po	 0.150 rot, tlio 10 oll ►n c111 bnwo resistivity (yell and 0. 1.18
for the 2 ohm-cm base resistivity cell tit 3.4 All conditions. however,
Ole momi or the Ui 13 SV/11811 polls l)roduce(I P/Po or olily 0.118 tit 3.-1
AU co nditions.

Tho ol)SE±l vod sprond in sovorill of the partl ►lioLo 's in those dtltti
was well below I percent. 1,11orofore, the simulation toolillitlues 11,sed to
obtain the sol in' roll prrli)riminev is ctlll;aiblo or nuadiii, active pnrnmetcr
111et1suronlents to bottrr than :) pervolit.

1''inally, volt VlInrluetel^istics revealed by the dark 1 V tit room
tonlportituVo 811ow l)olontini its iisorul inalirnto.vs of file roil pet'1'orntnnco
tit low temporntures €nut low iiltensitles.
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TABLE, 2. `EST l'itOVI1,13,

Illumination Leyol (SC:)

1.00

0.6f1

0.30

0.25

0.174

0.128

0.086

0.063

0.010

1)cuil: I-V

Temperature (°C))

0, 25, 50

-25, 0, 25, 50

r -, 50, -25, 0, 25, 50

•-75, -50, -25, 0, 25

-100, °75, -50, °25. 0

-, 125, -100, -75, -50, -25

-150, -125, °100, -75, -50

°150, -125, -100, -75, -50

°-175, -150, , 125, -100, -75

25, 0, -25, -50, -75, -100,
-•125, -150, -175

Nate: •-175 0 0 was tacit achievable in two cal' the three test
group's'.

Sc •^., Solar construl1:.

I:
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TABLE, 4. Ulfi;. RENT-vC)LTAC11s PARAMB'ITliS OF THE BEST C;RTILS

`i'Ype 81l1con Cell

Parameter	 I38F/BSR 10 olin)-cm	 13SR 10 ohnicc m	 13SU 2 ohm cm

Isc

1 SC/250C 164.0 161 155
0.086 SC;/ , 100°C 13.0 14.0 13.4
0.040 SC/-150°C 6.9 6.8 7,2

Voc

1 SC/25 0 C 605 548 598
0.086 SW-100 0 c, 797 793 $22
0.040 SC./	 150 00 903 893 908

1
111 1)

1 S0/25 0C 157 152 198
0.086 SG/-100°C 12.8 12.0"

_
12.7

0.040 SC/-150 0 C 6.4 0.3 6.8

Vnip

1 SC/25°C 485 445 490
0.086 SC:/-100°C 750 718 748
0.040 SC/-150°C 828 713 762

MP

1 SC/25°C 76.1 67.6 72.7
0.086 S C /-I000 C; 9.6 9.1 9.5
0.040 SC/-150°C 5.3 4.5 5.2

L C1'

1 SC/25°C 14.1 12.5 13.4
0.086 SC/-100 0 C 20.6 19.5 20.4
0.040 SC/-151°C: 24.4 20.8 24.0

Note:	 lest cells selec:tod for bolt efficiency tit Max Power tit 0.086
SCH.00°C:.
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E	 ,174
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G	 .086
N	 .063
I	 .040

Figure 5. Average Isc as a function of temperature.
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Figure 11. Average Vmp as a :function of temperature .
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Figure 49. Solar array temperature versus AU.

^^I^,I^'^ r)1,:=;	 82

PJJ



M.

U

REFERENCES

1. Payne, P.:	 Research and Development of Silicon Solar Cells for
Low Solon Intensity and Low Temperature Applications.	 11inal
Report NAS2-5519, 1970.

2. Brandhorst, 'rl . , Jr. , and Hart, R., Jr.: Effects of Decreasing
Temperature and Illumination Intensity on Solar Cell Performance.
NASA 'I.IMX-52756, 1970.

3. Downing, R. and Weiss, R. t	 Characterization of Solar Cells for
Space Applications.	 JPL Publication 78--15, Vol.	 II,	 1978.

4. Bartels, F. , Ho, J . , and Kirkpatrick, A.: Silicon Solar Cell
Development for Low 'Temperature and Low Illumination Intensity
Operation.	 Vol.	 1, Analysis Report.. NAS2-5516, 1970.

F?

I

83i



GLOSSARY

AU Astronomical Unit

AMO Air Mass Zero

BSI` Back, Surface Field

BSR lack Surface Reflector

Imp Maximum Dower Current

Isc Short Circuit Current

LTLI Low 'Temperature and Low Tntensity

MP Maximum Power

P /Po Ratio of Maximum Power to Maximum PowG i, at 55°C

RCH Edge Channel Resistance

RJD Shunt Resistance

R S Series Resistance

SEPS Solar Electric Propulsion System

SC Solar Constant

UV Ultraviolet
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