EFFECT OF IMPURITY DOPING CONCENTRATION ON SOLAR CELL QUTPUT

P. A,

Iles and S.

1. Soclof

Optical Coating Laboratory Inc., Photoelectronics Group
’ Industry, California

SUMMARY

Experimental measurements were made of
colar cell and related photovoltaic parameters
for eilicon with high concentrations of dopant
impurities. The cell gutput peaked for doping
levels around 10~/ cm” Independent measure-
ments of diffusion length and open circuit
voltage at high doping levels showed severe
reductions at concentrations above 1017 o
1018'cmm3w Thecoretical reasons are given to
explain these reductions. Indication is given
of the problems requiring solution before
increased cell output can be achieved at high

doping levels.
INTRODUCTION

To date, silicon solar cell power conver—
sion efficiency as a function of doping level
has generally peaked in the 101% cm doping
range (1). Lower doping concentrations gave
slightly higher short circuit current {Isc)
pecause of increased diffusion length, with’
lower open circuit voltage (Voc), and there-
fore lower output. Addition of a back surface
field to the cell structure (1-3) allowed com=
bination of the high Isc resulting from lower
doping levels, and Voc comparable to values
cbhtained from doping levels around 1016 cm”
Recently, significantly higher values of Isc
have been cbtained by increasing the response
at short wavelengths, as in the violet cell
(4), and by the further overall increase in
response given by the non-reflective form of
the violet cell (5).

Calculations show that the Isc and curve
£ill factor (CFF) values presently obtained
for these advanced cells are approaching the
maximum obtainable: therefore further signifi-
cant increases in silicon solar cell output
must be obtained by increase in Voc. Theoret-
ically, increased Voc should be obtained at
higher doping levels, because of the greater
separation of Fermi levels in the N and P
regions.

DEPEND ENCE OF CELL OUTPUT ON SILICON DOPING

Solar cells were made (by conventional
processing) from a number of single crystal
silicon ingots covering a wide range of impu=-
rity concentrations (1013 o 1020 cm"g),

Figure 1 shows the maximum power obtained
at various doping levels:; Pmax is seen to __
reach a maximum at doping levels around 1
cm” <,
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Figure 2 shows the breakdown of the

three photovoltaic parameters which determine
Pmax (Isc, Voc, CFF), over the same doping
range. All three parameters decrease severely
for concentrations exceeding 1017 em™

Separate measurements of diffusion length
{1) and Voc were made on a variety of silicon
cells {or diodes) extending over the same wide
doping range (6,7).

Figure 3 shows L versus doping concentra-
tion; L is high for low doping levels, with
wide spread, because of varying degrees of
crystalline perfection. For N above 101 7cm
L decreases rapidly and the measured spread
reduced.

Figure 4 shows the calculated photocur-
rent density versus concentration; Jsc was
calculated using the L-values in Figure 3.

Figure 5 shows the dependence of minority
carrier lifetime () on N, derived from Fige
ure 3, using concentration dependent mobility
values (8).

Figure 6 shows Voo versus N. Voc is low
for lightlg dopgd silicon, reaches a peak
around 1018 cm™2, and then decreases rapidly
for doping concentrations above 1018 em=3,

Pigure 7 plots output power density as a
function of doping, combining the Voc varia-
tions in Figure 6 with the Jsc variations in
Figure 4, and assuming plausible CFF values.
Even with ideal Voc behavior, the decrease in
Jsc dominates the power output.

THEORETICAL CONSIDERATIONS

The theoretical causes underlying these
high doping concentration results were studied,
to explain the experimental results, and also
to indicate how further increases in cell out-
put might be obtained.

Diffusion Length Versus Concentration

The experimental fall-off of I for doping

concentrations above 10 7cm”3 could be caused

by
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{a) Won-intentional inclusion (with the dop-
ing sources) of larger concentrations of "kil-
ler" impurities (such as iron, gold, copper,
etc.)

(b) Carrier trapping caused by the inten-
tional dopants, resulting from recombination




via the unionized shallow impurity levels (9).
Although such shallow traps probably have low
capture cross sections, their high concentra~
tion could result in significant carrier cap-
ture. .

Another carrier loss mechanism dependent
o the high dopant concentrations could be
band-to=band Auger recombination (10,11).

Either mechanism would result in approx-
“mately inverse sguare dependence of carrier
lifetime on doping density at high doping
levels; the experimental curve (Figure 5) has
a slope around -1.7 close to the inverse
square case. If the cause of L-decrease is
(a) above, there are experimental possibili-
ties for reducing the killer impurity levels.
However if the intentional dopants and/or the
Auger recombination mechanism are the main
cause of I~decrease, there is small prospect
of maintaining high Isc wvalues at high doping
concentrations.

Open Circuit Voltage Versus Concentration

Simple PN junction theory predicts a
steady decrease of diode saturation current
{and therefore increased Voc) with higher dop-
ing concentrations (12, 13). However, closer
study has identified several independent mech-
anisms which can severely increase diode
excess currents at high doping levels,
mechanisms include:

These

(a) Reverse injection from the bulk silicon
into the thin, highly doped diffused layer,

aided by band gap narvowing in the diffused

layer (7, 14=16).

Figure 8 shows the calculated variation
of Voc with N, for simple dicde theory, then
plotted using the corrected parameters, and
finally allowing for band gap narrowing
effects. The theoretical curve is seen to
approach the experimental curve.

{(b) The effect of low carrier lifetimes in
the PN junction depletion region. At high
doping levels, this depletion region is very
narrow {less than 0.1 pum), and very short car-
rier lifetimes can be expected in this loca-
tion. Using plausible values for the low and
high lifetime values occurring in the deple~
tion region, it was possible to simulate the
unilluminated forward-biased I~V dicde charac—
teristics measured for a wide range of high
doping levels. Often the slope of the 1ln I-V
characteristics was around 1.75, for up to
four decades of current, in a region where two
separate exponential diode characteristics are
usually assumed.

(¢) The high overall dopant concentration may
lead to precipitates or crystallographic
imperfections which can promote internal shunt
paths, reducding junction voltage.
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FUTURE PROSPECTS

Higher Efficiency Cells

Present practical work is aimed at
finding structures or processes which can
reduce the high doping effects discussed in
the previous section,. and which will increase
output from cells made from highly doped
silicon.

Many of the methods already successful
in achieving high Isc, namely surface tex-
turing, increased active area, and improved
antireflective coatings, are usable for low
resistivity silicon.

There may be several serious problems
in achieving high output with highly doped
silicon.

(a) Good guality shallow PN junctions may
be difficult to achieve because the reduced
surface concentrations will not overdope the
highly doped bulk sufficiently, and the high
total impurity concentration may increase the
incidence of precipitates, with increased
chance of shunting of the PN junction. Alsoc
the higher vacancy density resulting from
the high doping density may complicate the
control of shallow diffusions.

(b) There may be difficulties in mair
high Isc values because the diffusion
may be reduced both by the lower bulk =il
perfection resulting from the high doping

levels, and also because of the carrier cap-

L2

ture and recombination mechanisms discussed

(c) Voc can be maximized only by selecting
the initial doping concentration, and the
junction formation methods to minimize the
combined effects of reverse injection, low
lifetime in the bulk and depletion regions,
and band gap narrowing.

(d) The formation of adequate back surface

fields will be more difficult because of the
difficulty in providing back surface dopant

concentrations significantly higher than the
already high bulk concentration.

To overcome these limitations, more
complex cell designs, such as epitaxial
structures, may be needed. Already epitaxiszl
cell structures were made wherein the thick-
ness of the epitaxial layer was decreased
systematically, with only small increase of
Voo (7). Recent theoretical calculations
offer hope of increased Voc from epitaxial
solar cells (17).

Lower Cost Cells

. Many of the above factors must be con-
sidered in evaluating the possible output




are
such
the

from lower cost cells. However, there
additional factors preobably present in
cells which require reconsideration of
jmpurity factors:

{a) The use of lower COSL gilicon to form
rhe starting silicon will probably result in
increased concentrations of both "killer"
1mpurlties and conventional dopants, parti=-
cularly boron and aluminum.

(h) The silicon may have lower crystal per-
fection, probably including grain boundaries.
These grain boundaries can trap charge car-
riers {(reducing Isc), and also can increase
+he junction excess currents with reduced
voc and CFF Use of higher doping levels
may restrict the collection effects of the
grain boundaries by reducing the extent of
the depletion region surrcunding the' boun~

dary.

The analysisg of cell performance when
such silicon is used must include previous
experience for single crystal silicon,
combined with increased understanding of
+the detailed effects of grain boundaries
and impurities, and their interaction (18)
In principle, some remedial experimental
measures are possible to improve the perfor=-
mance of cells made from lower cost silicon.

CONCLUSIONS

There are serious problems in achieving
significantly higher output for solar cells
made from highly doped silicon. More work
is needed to investigate whether some of the
restrictive mechanisms discussed above can
be minimized. The optimum doping level for
polycrystal cells may be somewhat higher than
that for single crystals.
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