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ABSTRACT

Three high open-circuit voltage cell designs based
on 0.1 ohw=cm p=type silicon were irradiated with |
MeV electrons and their performance determined o
tluences as high as 101%/cmd.  Of the three

cell designs, radiation induced degradation was
greatest in the high=low emitter (HLE cell. The
dittused and 10n wwplanted cells degraded approxi=
mately equally but less than the HLE cell. Degra-
dation was greatest in an HLE Cell exposed to
X=rays betore electron irradiation. The cell re-
gions control ling both short=circuit current and
open=citcuit voltag  degradation were detined in
all three cell types. An increase in front surtace
recombination velocity accompanied time dependent
degradation of an HLE cell atter X-irrvadiation. It
was speculated that this was ndirectly due to a
decrease in positive charge at the silicon-oxide
intertace. Moditications aimed at reducing radi-
ation induced degradation are proposea tor all
three cell types.
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1. INTRODUCTION

It has been predicted that n’,p si1licon solax
cells with low p-base resistivities (0.1 ohm=cm,)
could achieve air mass zero (AMO) officiencies as
high as 195 1, among other things, open-circurt
voltages (Vi) of 700 wV could be attained (ret.
1), Hence, as a tirst step toward achievement of
the higher efticiency goal, the NASA Lewis Research
Centor initiated a program aimed at demonstrating
that signiticant increases in Vio could be
achieved 1n 0.1 ohm=cm cells. To date three cell
designs have been developed under this program and
open-circuit voltages ot 045 millivolts have been
achieved. Although the program was divevted toward
demonetrating increased V., the degrading et-
fects of the particulate space radiation environ-
ment were of equal concern. Hence i1n the present
woi s @ present the results of our determination of
ce.l cortomaance atter | MeV electron irradiation.
In ad tition we present calculations and experi-
ment .. data to define the cell regions controlling
short=circuit current (1o ) and V,. degrada-

tion in all three cell types. Thes: results are
used as a basis tor suggested cell moditications
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directed toward reducing the radiation induced de-
pradation.

2. EXPERIMENTAL PROCEDURES

The salient teatures of the cells are given in
Table 1. The i1on-implanted (rvet. 2) and high=low
emitter (HLE) (ref. 3) cells have themally grown
silicon dioxide (5103) on their tront surfaces;

the ditfused cells (ret 4) have ao front-surface
oxide. The oxide on the HLE cells was formed by
using & temperature~time schedule that results 1n a
net positive charge, in the oxide, near the oxide~
silicon intertace (ret. 5. The positive oxide
charge induces an accumulation layer at the silicon
surface and thus establishes an n*n high-low
emitter junction.

Pre-irradiation AMO parameters, obtained using a
Xenon=are solar simulator at 25 ¢ arve shown in
Table 11. 1In addition to the data shown in Table
11, spectral response and dittusion lengti, measure~
ments were made. The spectral response datu were
obtained by using a tilter-wheel spectral response
apparatus (ret. 6), The diftusion length data were
obtained by an X-ray excitation technique using 250
keV X-rays (ret. 7). both X- and electron irradi~
ation can cause changes in oxide charge (rets. 8 &
9), theretore, only one of each pair of oxide coat~-
ed cells was exposed to X-irradiation. However,
all cells were evposed to 1 MeV electron irradi-
ation to a maximum {luence of 1085 ¢w=?2,

3. RESULTS

A typical data plot used 1n the process of deter-
mining the dittusion length damage coetticrent, Ky,
18 shown 1n Fig. 1. The damage coettficients were
calculated trom the relation;

1 1 )
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where L ois diffusion length atter 1rradiation at
the tluence ¢ and L is dittusion length betorve
irradiation.  Table 111 summarizes the damage co-
efficients obtained tor each cell design. Compar-
1son with previous damage coetticient evaluations
(ref. 10) indicates that the damage coefficients
obtained for the present cells are typical of 0.1
ohm=cm si1licon.




Plots of nomalized short-circuit curreat, lg.,

and open-circuit voltage, Voo, as a function ot 1
MeV electron tluexe are shown in figures 2 and 3
respectively. Data for a 10 ohm=cw cell are in-
cluded tor comparison. This cell showed a decrease
in output typical of 10 ohm-cm resitivity. In gen=
eral, performance degradation under irradiation was
highest tor the HLE cells, with greatest degrada~
tion being noted tor the X-rayed HLE cell. For the
ion-implanted cells, there was no measurable dit-
rerence between the X-rayed and non-X-rayed cell
pertormance. Both diffused and ion-implanted cell
designs degraded at a rate typical of conventionai
0.1 ohm=-cm cells. The higher I . and Vi de-
gradation data tor the HLE cells appears to be
enomalous because Kp 1s approximately the same

for all cell designs. As an aid in clarifying the
sources of lg. degradation, the normalized data

for long and short-wavelength spectral response
were plotted as shown in figures 4 and 5. Further
discussion of these data and the degradation in

Voe are contained in the next section.

4. ANALYSIS AND DISCUSSION

In assessing radiation damage ectects it is signif-
icant to know the cell regions responsible tor loss
of cell pertormance., This information is needed to
guide future work aimed at increasing the radiation
resistance of these high Vi . cells. for this
reason we first focus our attention on determin~
ation of the cell regions in which current and
voltage degradation occur.
4.1 Cell Regions Controlling 1.,
The sources of 1., degradation are claritied by
examination of the short and long wavelength spec-
al response of tigures 4 and 5. Noting that sub-
stantial 1., degradation for the HLE cells occurs
at both long-and shor ‘wavelengths we conclude that
lge of the cell 1s controlled by both the p-type
base and n-type emitter. On the other hand, 14
degradation of the ion imiplanted and ditfused
cells occurs predominantly at long wavelengths and
therefore I .. 1s controlled predominantly by the
p-type base region. This tends to explain the rel-
atively higher .. degradation observed in the
HLE cells despite the approximate equality of Ky
for all cell designs. The ditfusion length damage
coefficient applies to the base regions of the
solar cell while the spectral response data indi-
cate that, for the HLE cells, both base and emitter
region must be considered as factors in current
degradation.

4.2 Cell Regaons Controlling V.

4.2.1 Diffused Cell. The open-circuit voltage ot
this cell can be expressed as a tunction of I,g
and I, 5, the emitter and Lase device saturation
currents, i.e.
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where W is region thickness, L 1s minority carrier
diffusion length Sg is front surface recombin=
ation velocity, N is the doping concentration, D is
minority carrier diffusivity, n; is the intrinsic
carrier concentration, ¢ is the electronic charge,
T is the temperature in degress Kelvin, k is Boltz=-
mann's constant, the subscripts E and B refer to
the emitter and base respectively, and an ohmic
base contact is assumed. Equation (2) can be sim-
plified by considering the data ot tigure 4 and 5.
As can be seen from the figures, for the diftused
cell, the long wavelength response is severely de-
graded by the irradiation but the short wavelength
response is relatively unaftected. We therefore
assume, in the following, discussion that this rel~
ative invariance of the short wavelength response
with fluence indicates that I g is unatfected by
the irradiation. We can thus treat l g as a con-
stant to be detemmined by fitting equation (2) to
the measured Voo vs Ly data shown in figure 6.

A fit of equation (2a) to the data, using I g and
A as adiustable parameters and calculating 1,y

from (2¢) is shown as the solid curve in that
figure. The result of the fit indicates that the
voltage of the cell 1s controlled by the base
component of the saturation current. Before
irradiaton, the base component contributes 683 of
the saturation current, while the emitter component
contributes only 324, As the cell is irradiated,
the base diffusion length decreases thus increasing
1,8 and decreasing Vo.. For these cells, the

drop in voltage with fluence is caused by events
occurring in the base. The drop is not as severe,
however, as it would be were the cell 1008 base
controlled.

4,2.2 lon implanted Cells. Because Llhe ion-im=
planted cells also exhibit a relative invariance of
short wavelength response with fluence (fig. 4), we
performed an analysis similar to that tor the dit-
fused cell. The results indicate that the voltage
in this type of cell is also coatrolled by its base
parametars. Our calculations show that the pre-ir-
radiation device saturation current is composed of
a 392 contribution from the emitter. These data
indicate that, as the cell is irradiated, the volt-
age is controlled by changes in the base param-
eters. Again, however, a more severe drop would be
expected had the pre-irradiated cell been tully
base controlled.

4.2.3 HLE Cell. Since both short and long wave-
length components of the HLE cell were found to be
degraded by electron irradiation, an assumption of
constant I, g cannot be made. While a4 quantita-
tive analysis of radiation induced degradation is
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difticult, qualitative conclusions can be drawn,
using equations (2a, 2b, and 2¢).  Figure 7 shows
tihe experimental change of Vi . with tluence for
the HLE cell. Superimposed on these data 1s a
curve illustrating what would be expected it the
voltage ot the cell were controlled only by the
measured radiation induced decrease in the base
diffusion length Ly, As can be seen, the base
component can account for onlv a smail triction of
the observed voltage drop. We thus conclude that
Voo in the HLE cell is conttolled to a high de-
gree by the emitter component of the device satu-
ration current.

It can also be concluded that the voltage reduction
in these cells at high tluence is due to degrada-
tion of bulk parameters and not to surtace

etfects. this follows trom results of attempts to
model the voltage decrease with tluence by manipu-
lating both surtace and bulk parameters. Calcula-
tions indicate that at high tluence levels, ¢ (ter
diffusion lengths much less than the emitter thick=
ness are required to explain the data. When Lg<<
Wp the surface is electrically isolated trom the
junction and thus would have no eftect on the
voltage. The degradation at low tluences may be
controlled by a combination of bulk and surtace
phenomena, but the voltage at the 1014 /em?

level appears to be controlled only by the emitter
diftusion length.

4.3 Effects of X-rays

In establishing the cell regions which control cell
degradation, the precediug caleulations do not con=
sider possible degradation in the charged oxide ot
the HLE cell., 1In view of ite anomalously large
degradation in lg., observed for the X-rayed HLE
cell, consideration needs to be given to possible
oxide degradation due to X-rays alone. In this
connection, it has been established that 10mizing
radiation atfects the charge state of 5102 1n MOS
devices (refs. 8 & 9, Hence, so that the effects
of X=rayvs on the HLL charged-oxide cells could be
explored, an additional HLE cell was exposed to the
250 KeV Xerays tor 5 minutes and its pertomace
parameters determined for vtimes up to 93 days atter
X-irradiation. Variaticon in spectral response with
time 18 shown in figure 8 while variation in lg.
and V,. are shown in figure 9. From the latter
figure 1t 1s seen that signmiticant variations in
lge and Voo arve observed as a tunction of time
atter X-irradiation.

The spectral response Jdata (fig. 8) indicates that,
as a vesult of X=irradiation, the major change oc~
curs at short wavelengths and hence in the emitter
of the HLE cell. One possible source of emitter
degradation 1s a decrease in the magnitude ot the
induced front surface accumulation layer. 7This
would also result 1n increased front surtace recom-
bination velocity with accompanying degragation in
cell performance. To ascertain whether this could
be the case, we have calculated Sp as a tunction
of time using equations (2a, 2b, and 2¢) and the
data of tigure Y. In evaluaiing Sg 1t 1s assumed
that Lg and Ly are constant with t.me. Using

the measured value tor Ly ot about 50 jm, a
pre=irradiation value tor Sg of 103 cw/sec and

a value tor Lg of 24.9 ym as calculated trom
equations (2a, 2b, and 2¢), we obtain the time
dependent values of Sp shown in figure 10.  The
increase in Sp by itself is not sutficient to
account for the loss in response. It 1is also
necessary to include reduction in the magnitude of

the induced front surtace accumulation layer to
explain the data. Thus, it appears that as Sp
increases, there i1s a4 concomitant decrease in
negative charge in the accumulation layer which
constitutes the n* yegion in the n'a high=low
emitter junction. This in turn implies a decrease
in the positive oxide charge at the silicon-oxide
interface as a result of X-irradiation. The
mechanism by which this hypothesized charge re~
duction could occur 18 unclear at present. We
should note that it i1s possible thit the total
positive charge in the oxide could be increasing
with X=ray fluence. An alternate explanation lies
in a time dependent decrease in Lg. However,
since the X-rays alone do not damage the silicon it
is reasonable to assume a constant Ly during a
after X-irradiation,

The 1 . degradation of figure 9 is insufficient

to account tor the difference in total short=cir=
cult current degradation between the X-rayed and
none X-rayed HLE cells after electron irradiation
(fig. 2). One source of the added Iy degrada-
tion could be synergism between the etfects of X-
and electron-irradiation. Another possible source
of the added degradation could be a difference in
quality of the silicon contituting the emitters and
bases of the two HLE cells.

4.4 Recommended Cell Modification

From the preceding results it is clear that tor
increased radiation resistance in the diftused and
ton=implanted cells, 1mprovement in the base region
are required while for the HLE cell, modifications
are required in both the emitter and base regions
of the solar cell.

For the diftused and ion-implanted cells, the base
region cousd be improved by treatments which remove
lattice stratn and the use of cell processing which
tends to decrease impurity concentrvations in the
base. The impurities in question are those which
form radiation induced complexes capable of de-
creaseing Ly, Similar requirements apply to the
base and emitter of the HLE cell.

For the HLE cells, one source of the increased de-
gradation 1s the use of & relatively deep (10 ym)
n-type emitter. The damage coetficient tor n-type
silicon 1s about an order of magnitude greater than
that for p=~type silicon (ref. 12). Because about
75 percent of the incoming optical radiation 1s
absoabed in the l10-micrometer wide HLE n=region,
the increased susceptibility of n-type silicon to
vadiation damage is reflected in the large loss in
blue spectral response which would be expected and
was observed. Thus, one modification to the HLE
cell would be use of a shallower n-type emitter.

With regard to the use of a charged oxide in the
HLE cell, 1t 1s not clear at present whether this
contributes to decreased radiation resistance of
the HLE cell. The data of figures 2, 8, 9, and 10
and the accompanying analysis suggest that oxide
charge 1s reduced by the 1onizing radiation. How=
ever, additional work 1s necessary to verity this
typothesis. It is noted that the sole function of
the oxide charge 1s to induce an accumulation lay=
er, thus forming the n*n junction at the emitter
surface. The n*n junction could be formed by
other meaas such as 1on-i1mplantation, without the
necessity tor oxide charge. This should be done
and the resultant cells radiation resistance com-
pared to those in which oxide charge plays a key
role.
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