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ABSTRACT

Lithium-counterdoped n+/p silicon solar cells
were irradiated with 1 MeV electrons and their
post-irradiation perfermane and low temperature
anncaling properties were compared to that of the
0. 35 ohm-cm control cells. Cells fabricated from
fleoat zone and Czochralski grown silicon were in-
vestigated, It was found that the float zone cells
exhibited superior radiation resistance compared to
the control cells, while no improvement was noted
for the Czochralski grown cells,

Room temperature and 60° C annealing studies
were conducted, The annealing was found to be a
combination of first- and second-order kinetics for
short times., The defect migration energy found
from the kinetle studies suggests that the princi-
pal annealing mechanism is migration of lithium to
a radiation induced defect with subsequent neutra-
lization of the defect by combination with lithium,

The effects ol base lithium gradlent were in-
vestigated. It was found that cells with negative
base lithium gradients exhibited poor radiation re-
sigtarce and performance compared to those with
poniitive oxr no lithium gradilents, the latter being
praferred for overall performance and radiation re-
sistance.

INTRODUCTION

In the past, extensive work has been carried
out on the radiation resistance and annealing prop-
erties of p¥/n silicon solar gells in which lithium
is diffused into the n-type base (1,2). In gen-
eral, it was found that the lithium~doped pt/n
cells annealed at relatively low temperatures and
were more radiation resistant to proton and neutron
bombardment when compared to conventional n+/p sil~
icon solar cells (3). At best, LL doped cells ex-
hibited the same tolerance to 1 MeV electrons as
the nt/p cells. Although for cells without lith-
ium, it is known that the n'/p coniiguration exhib-
its superior radiation resistance, practically
nothing 18 known concerning the effects of lithium
counterdoping into the p~reglon of this configura-
tion (4)., Because lithium acts as a donor in sili-
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con, addition of lithlum into boron~doped silizon
1lg expected to result in increased resistivity
through compensation., The impact of this increased
resistivity on n'/p cell performance has not been
studied. In view of the beneficial properties of
lithium it is hoped that such counterdoping of the
nt/p configuration will eventually lead to super-
lor radiation resistance and post-irradiation an-
nealing propeyties. 1In the present paper, we pre-
sent the results of a preliminary, systematlc in-
vestigation of radiation damage and annealing in
1ithium counterdoped n+/p cells. It is expected
that the results of this investigation will lead to
potentially fruitful pathways for future investiga-
tions of 1lithium-counterdopad silicon solar cells.

EXPERIMENTAL

Descriptions of the cells are givenin Table I (5).
Cells used in this study were nominally 300 um
thick, 2%2 cm, phosphrorus diffused, nt/p silicon
solar cells, Substrates were 0.35 ohm-cm, boron-
doped, p~type Czochralski (CZ) and float zone (FZ)
silicon, Lithium counterdoping was accomplished
by applying a lithium paste (lithium dispersed in
ether) to the cell back surface, and heating in ni-
trogen for 1/2 hour. In order to achieve different
gradients, different amounts of lithium was applied
to the back surface and drive-in temperatures were
varied in the range of 450° to 500° C. The base
lithium gradients listed in Table I were determined
by four~point probe resistivity measurements at the
cell back surface and C-V measurements at the cell
junction to determine lithium concentrations.
Lithium concentrations were determined from the
difference between the known base doping concentra-
tion and the measured electrically active doping.
The lithium gradients Gpy were then calculated from
the relation:

o . (1], - (e, o
Li t

where ELi]B and [LiJF are lithium concentrations at
the back surface and the junction, respectively,
while t dis cell thickness.

Pre-irradiation Air Mass Zero (AMO) solar cell
parameters are listed in Table IL. The Czochralski
cells fabricated especially for this investigaton
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did not include an antireflection (AR) coating,
Howaver, the float zone cells were off-the-ghelf
cells which included an AR coating, This accounts
for the difference in solar gell AMO paramators
(primarily current) in Table II. However, this
difference in cells will not affect comparative
factors such as short-circuit current ratios de-
termined after irradiation, The reduced fil) fac-
tor of thae Czochralski cells was caused by inguf~
ficient matallization and does not affect any of
the conclusions in this paper. AMO current-voltage
characteristics were determined with a xenon-arc
solar simulator, while spectral response was deter-
mined with a filter wheel apparatus (6), DIiEfusisn
lengths were mcasured using an X-ray excitation
technique (7). The cells were irrndint%d by 1 Men
electrons to fluence as high as 1015/cm?, Because
the cells anneal at room temperature, they were
stored in liquid nitrogen immediately after irra-
diation and were warmed to room temperature just
prior to measurement. The cells were also annealed
in air at room temperature and at 60  C.

EXPERIMENTAL RESULTS

A correlation between base lithium gradient
and performance under irradiation is seen inTFig. 1.
In general, ceils with negative gradients perform
poorly while che best performance is obtained for
cells with rither positive or zero lithium gradient.
Thus, such gradients appear preferable to negative
gradients.

The difference in spectral response between a
negative gradient cell and a zero gradient cell is
shown in Fig. 2. There was no significant differ-
ence in spectral response between the zero gradient
and the control float zone cells. It can be seen
that the negative lithium gradient reduces the
spectral response at nearly all wavelengths except
near 1.0 um. The adverse effect of the negative
lithium gradient can alsc be seen in the change of
spectral response at short and long wavelengths
with irradiation as demonstrated in Figs, 3 and 4.
Cells with positive or zero gradients behave nor-
mally in the sense that principally the long wave-
length response is affected by the irradiation. On
the other hand, for cells with negative gradients
(excess lithium near the junction), both long and
short wavelength responses show substantial de-
creases,

Diffusion length damage coefficients Kj, are
shown in Table III. The damage coefficients are
obtained from the relationship:

R (
2mr il (2)
LO

where I dis diffusion length at fluence, L, is
pre~irradiation value of the diffusion length, and
¢ 1s fluenre of 1 MeV electrons. The Ky values

. cited are virtually identical to those expected for

0.35 ohm~cm boron-doped silicon. Tiis, lithium
counterdoping has no drastic effect on Kp. The
slight increase in damage coefficilent for Czochral-
ski silicon compared to float zone 1s expected.

In general, lithium counterdoping dimproves the
radiation resistance of cells fabricated from vacu-
um f£loat zonc grown silicon. ¥igure 5 shows the
counterdoped float zone cell to have slightly bet-
ter radiation tolerance than the control cell, Al-
though the improvement 1s small, it must be stressed
that no attempts at optimization were made in the
present work., On the other hand, lithium-counter-
doped cells fabricated from Czochralski silicon,
showed no improvement over the control cells in the
same test,

The results of annealing at room temperature
and 60° C are shown in Figs. 6 to 9, ¥or the room
temperature unnealing, the greatest diffusion
length recovery occurs for cell 10 ¢Z (Fig., 6).
However, the extent of the short-circuit current
recovery for this negative 1lithium gradient cell
(Fig. 7) does not correlate with the di{fusion
length recovery, In fact. none of the negative
gradient cells show silgnificant recovery of cell
performance, Spectral response measurements con-
firm a slight increase in the 1,0 ym response which
correlates with the diffusion length measurement.
However, there is no significant increase in re-
sponse at other wavelengihs, which predicts only a
small recovery of current. We shall return to
possible reasons for this anomaly in the discussion
section. In peneral, however, beth current and
diffusion length recovery after room temperature
annealing is significantly greater for the counter-
doped cells than for the control cells, For the
cells annealed at 60° C, it is recalled that the
1 MeV eloctron fluence in this case was 1015/cm?,
which makes annealing more difficult than is the
case for those cells annealed at room temperature
(¢ = 3x1014/em2). However, from Figs. 8 and 9 sig-
nificant diffusion length and short-circuit current
recovery occurs for the float zone cell while the
counterdoped Czochralski cell shows insignificant
recovery compared to the control cell.

DISCUSSION

The most significant aspects of post-irradia-
tion cell behavior are cell performance and anneal-
ing, especilally at the low temperatures used in
this study. We treat each of these separately in
the discussion which follows.

Cell Performance After Irradiation

The critical dependence of cell performance on
base lithium gradient is well illustrated by the
spectral response data of Figs., 3 and 4. Negative
lithium gradients imply higher concentrations of
lithium at the junction than at the back surface.
One would expect that the presence of excess posi-
tive lithium ions near the junction would set up a
drift field such that the passage of minority car-
riers to the junction would be facilitated. Exis-
tence of such a fileld can be inferred from diffu-
sion length measurements in these cells. The nega-
tive gradient cells all have the longest diffusion
lengths, even though processed from the same start—
ing material, However, the short-circuit current
of these cells does not show the effect of longer
diffusion lengths. The loss in response is due to
a general decrease in response below 0.95 um.




Tha reason for this poor performance 1# open
to speculation, From analysis of Fig, 2, it ap-
pears that the negative gradient cell has about 50%
of tha response of the undoped or zere gradient
calls st wavelengths below about 0.7 um. At longer
wavelengths the percentage decrease gradually di-
minishes to zero. Light of 0.7 um wavelength is
abgorbed (99,9%) within 20 yw depth in silicon.
Therefore, it_is postulated that the high concen~
trated (=4x1016 cu™3) of lithium in the firat 10 to
20 um of the cell wither combines with an already-
present defact tc iyrm a center which limits car-
rier lifetime or, of itself, causes lifetime de-
gradation. Irradiation with 1 MeV electrons sub~
sequently produces additional 1ifetime-reducing
centers that create a narrow region near the junc-
tion with poor minority carrier lifetime. This ef~
fect 18 reminiscent of low energy proton damage in
silicon solar cells, This recombination volume
then limits cell current even though base diffusion
length in the undamaged region may be long. In
addition to defect formation, electron trapping ef-
fects may also act to limit cell performance.

Although negative gradient cells (5 FZ, 7 FZ,
and 10 CZ) have the same lithium concentration
near the junction, cell 10 CZ docs not show a
marked decrease in spectral response. It is specu-
lated ¥hat the additional oxygen belleved present
In thias cell may reduce the concentration of harm-
ful defects prior to irradiation, After irradia-
tion, all negative gradient cells behave the same.

The positive or zero gradient cells have lith-
ium concentrations of about 1,7x1016 cm~2 near the
Junction. This reduction in lithium concentration
compared to the negative gradient cells may be suf~
ficient to prevent the formation of lifetime redu-
cing centers before or after irradiation. We em-
phasize, however, the speculative nature of the
phenomena invoked to explain the poor performance
of cells with negative lithium gradients. Our re-
sults do, however, clearly indicate that positive
gradients are preferably to negative base lithium
gradients and that zero gradients appear to be the
most desirable. !

In addition, we have shown in a limited way,
that lithium counterdoping improves the radiation
resistance of nt/p silicon solar cells to 1 MeV
electron irradiation. Lithium-doped float zone
cells were more resistant to radiation than the F2
control cehls, whereas no such relationship was
seen for cells made from Czochralski silicon. The
superior performance of float zone over Czochralsil
silicon may be due to the reduced oxygen content
of the float zone silicon. Optimization of all
these factors, especially gradient and base lith-
ium concentration is expected to lead to increased
radiation jesistance for lithium-counterdoped
cells.

Annealing Behavior

Low Temperature Annealing: Low temperature
annealing is desirable for extending the lifetime
of cells in space and has been noted before inboth
1ithium-counterdoped and pt/n lithiumdoped cells
(4). The present counterdoped cells show superior

anncaling characteristics over the control cells
without any attempt at process optimization.

Examination of Fige, 6 and 7 reveals some ap-
parently anomalous behavior., For example, call
10 CZ exhibits the best diffusion length and extent
of recovery, However, compared to 1l CZ which
shows poor diffusion length recovery, the short-
clrcult current of 10 CZ2 is lower and its percent
recovery in current 18 approximately the same, It
18 noted that 10 CZ has a negative lithium gradient
while that for 11 CZ is positive. The diffusion
length measurement principally yields the base dif-
fusion length (7). Because cell current is con-
trolled by phenomeus occurring in both the base and
near front gurface reglon as discussed previously,
there may not be a one-to-one correspondence he-
twein diffusion length and short-circuit current
recovery. In general, it can be scen that cells
with negative gradient usually show much better
diffusion length recovery than short-circuit cur-
rent recovery, The reason for this is not
known,

Defect Structures and Annealing Kinetics: The
purpose of examining anncaling kinetics is to ob-
tain insight into the annealing mechanism oxr mech=
anisms in this material., Although much is knowa
concerning the defect structure when lithium is
uged as a donor in n~type silicon (8) almost nothing
is known concerning the defects formed with lithium
in p~type silicon. Knowledge of the possible de~
fects 18 desirable before investigating the anneal-
ing kinetics in lithium-counterdoped silicon., A
search of the literature disclosed the following
defects identificd as containing lithium in p-type
sllicon:

(L1); + (B)g (Ref. 9)
(L), + (0, (Ref. 10)
(L) + (V= V) (Ref. 11)

where the subscript I designates an interstitial
and S a substitutional complex. Hence, there is
evidence that lithium in p-type silicon forms add-
itional defects with already existing defects,.
Annealing occurs when defects are neutralized by
combination with ldthium.

Additional information about the annealing
process can be gained by studying the annealing
kinetics. If the kinetics are first order, inter
actions occur prineipally between close pairs, and
the following relationship holds (12):

ND(t) - ND(O)exp - kt (3)

where Np(t) and Np(0) are the defect concentra-
tions at times t and zero, respectively, and k
is the reaction rate constant. If is the en-
ergy barrier for migration of lithium to the de-
fect, then:

k = kg exp (~Ep/kyt) (4)

e YT
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where kg 18 the vibrational frequency of the de-
fect in silicon and ky s Boltzmann'’s constant,
On the other hand, if the kinetics at: second ox-
der, interactions oeccur principally be:iween distant
pairs, hence (12):

ﬁ;?ET ]+ ND(O)kc )

It is customary to usa diffusion length mea-
surements in determining the type of kinetdcs. It
is assumed that the radiative process creates one
dominant defect from whieh it follows that (13):

1 1
= . e g N (L) (6)
LZ L2 D

0

A plot of Eq. (3) (first-order kinetics) for
room temperature annealing data is shown in Fig. 10.
A similar plot has been made for the second-order
kinetics using Eq, (5), Neither first- nor second-
order kinetics prevails over the entire time range.
However, for relatively short times, as shown in
Figs, 1l(a) and (b), the data give an equally good
fit to either first- or second-order kinetics, The
kinetics do not appear to depend upon the sign of
the gradient. Similar results are obtained for the
60° ¢ anneal.

Rate constants obtained from the first-order
plots and Eq. (3) are shown in Table IV, Using
Eq. (4), the defect migration enexgy is found to be
Ep ~ 0.8 eV. Considering that data are available
at only two temperatures and that the kinetics are
not predominantly first or second order, the prece-
ding value for Ep is considered approximate. How-
ever, the calculated value for Ej can be compared
to the value of 0.66 eV (~0.7 eV) determined for
the migration of lithium in silicon.

We conclude from the preceding discussion that
a plausible mechanism for the annealing process is
the migration of lithium to defects which are then
neutralized by combination with the lithium., Al-
though the defect structures listed pr¢ ously form
a base for study, it is pre-wture to epeculate fur-
ther on the precise nature of the complexes formed
between lithium and the irradiatlon-induced defects
in bosron-doped silicon that result in annealing.

CONCLUSIONS

Our preliminary survey of radiation resistance
of lithium counterdoped cells is encouraging inas-
much as we fiud that lithium counterdoping improves
the radiation resistance of n+/p silicon solar
cells to 1 MeV electron irradiation. Additional
conclusions obtained from the current work are:

Cells with zero or positive base lithium gra-
dients exhibit superior radiation resis-
tance and performance compared to cells
with negative base lithium gradient.

Cells with zero lithium gradients exhibit the
best radiation resistance.

Zero or positive gradient calls schow partial
annealing and racovery of performance at
259 and 60° ¢,

Annealing kinatics lie between first and sec-
ond order for relatsvely short times.

The most likelv annealing mechanism is diffu-
sion of litihium to dejects and subsaquent
neutralization of defects by combination
with lithium,

-

These results indicate that additional work
aimed at optimizing annealing and radiation resis-
tance of the lithium counterdoped cells is warran-
ted.
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TABLE I. - CELL DESCRIPTIONS

Cell | Base* Base Description
no. | resis- lithium
tivity, | gradient,
ohm, cm| cm~4
IFZ | 0.35 |=—===mme- Boron doped FZ control
2FZ | 0.35 |mmmee-— ~~ | Boron doped FZ control
3FZ| 0.6 Lithium counterdoped FZ
4FZ | 0.6 Lithium counterdoped FZ
5Pz | 4 -8.7*1016 Lithium counterdoped F2
6FZ ( 4 --9.6><.‘LO]'6 Lithium counterdoped FZ
7¢z2{ 0.35 |====~===~ | Boron doped CZ control
8CZ| 0.35 |=mm==m= -~ | Boron doped CZ control
9¢z| 1.2 | 5.5%107Y7| Lithium counterdoped CZ
10¢Z2 § 2 -2,3x;|_ol7 Lithium counterdoped CZ
11cz | 2 9-1*10-17 Lithium counterdoped CZ

*Resiscivicy measured by four point probe at back
surface after lithium doping (original base
resistivity - 0.35 ohui-em),

TABLE II., = INITIAL CELL PARAMETERS

Coll | T, IV »|P _,| FF,|Diffusion
BC oc nax
no. 4 lonsth’
ma mv nW (um)
IrzZ [ 149.3) 613 | 63.9 | 69.8 177
2FZ 1 147.5) 621 | 70,9 | 77.4 185
3¥Z 1150.8 608 | 69,3 | 75.6 183
4FZ 1 148,3 | 592 | 56,3 | 64,1 163
5FZ | 88.9| 568 | 35,7 | 70.8 202
6FZ | 52,1569 | 37.1 | 70.8 203
7¢Z2 | 82.8]567 }23.1 | 49,2 88
80z | B84.6( 556 | 22.3 | 47.4 77
9cz | 95.4] 571 | 29,1 | 53.4 153
locz | 89.8| 568 | 29,0 | 56.8 199
11cz | 70.8) 543 | 16.6 [ 43.1 183

TABLE IIX., - DIFFUSION LENGTH

DAMAGE COEFFICIENTS

Cell no. Damage
coefficlents,
(KL)
212 3,2x107%0
4F2 3,4x10710
7¢2 4, %1030
9c2 3.4x10710

TABLE IV. - REACTION RATE CONSTANTS AND MIGRATION ENERGIES DETERMINED

USING FIRST ORDER KINETICS

Room temperature anneal 60° ¢
anneal
cell no. 3FZ 5FZ 6Fz | 10cz 11¢2 4FZ
Rate q | 112078 | 1.2%2076 | 2076 | 1,3%2076 | 3.2x2077 | 2. 9207
constant ~ sec
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16 Abstract

formance compared to those with positive or no lithium gradients,
for overall performance and radiation resistance,

Lithfum~-counterdoped n* “p silicon solar cells were frradiated with 1 MeV electrons and thefr
post-irradiation performance and low temperature annealing properties were compirad to that
of the 0,35 ohm~cm control cells, Cells fabricated from float zone and Czochralski grown
gilicon were investigated, It was found that the float zone cells exhibited superior radiation
resistance compared to the control cells, while no Improvement was noted for the Czoehralsks
grown cells, Room temperature and 6nY C annealing studies were conducted, The annealing
was found to be 3 combination of first- and second-order kineties for short times, The defect
migration energy found from the kinetie studies suggests that the principal anncaling mechanism
is migration of lithium to a radiation induced defect with subsequent neutralization of the defect
by combination with lithium. The effects of hase Hthium gradient were investigated. It was
found that cells with negative base lthium gradients exhibited poor radiation resistance and per-

the latter being preferred
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