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The optimisation of base doping for industrial crystalline silicon solar cells is exam-
ined with model calculations. Focus is on the relation between base doping and car-
rier recombination through the important impurities interstitial iron (Fe;) and the
metastable boron—oxygen (BO) complex. In p-type silicon, the optimum base resistiv-
ity is strongly dependent on defect concentration. In n-type silicon, recombination
due to Fe; is much lower and nearly independent of resistivity. Fe; is likely represen-
tative for other transition metal impurities. In many real cells a balance between Fe;
or similar defects, and BO will occur. Copyright (© 2004 John Wiley & Sons, Ltd.
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he question of optimal base resistivity for silicon solar cell processing is of great practical interest.

Decreasing base resistivity provides a way to increase V,. and, accordingly, potentially the cell effi-

ciency as well. However, it also increases Auger and radiative recombination, and reduces the effec-
tiveness of back-surface fields (BSF), and of surface-passivating coatings. High-efficiency laboratory cells use a
base resistivity of ~ 1 {2 cm, which has been empirically found to provide a good balance between these para-
meters. Also for industrial multicrystalline cells, a base resistivity of 1-3 {2 cm is commonly used. Since recom-
bination through defects and impurities in the bulk and at the surfaces of these cells is considerably higher, the
question is why the optimum in this case is not found at significantly lower resistivity. Indeed, previous model-
ling of industrial solar cells suggests the use of a lower base resistivity. In a recent paper, Brody et al. describe
and model the relation between the base resistivity of silicon solar cells and cell efficiency.' They determine the
optimal base resistivity, varying parameters such as BSF, emitter resistivity, surface passivation, and cell thick-
ness. Their general conclusion is that the optimal resistivity is lower or even much lower than the 1-3 Q2cm
currently used. For example, for 300-pm-thick cells with 20 ps bulk recombination lifetime, the optimal resis-
tivity would be 0-24 Q2 cm in the presence of an ohmic rear contact, and 0-6 2cm for a BSF.
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The paper by Brody et al. also suggests a tentative explanation for this discrepancy. It explains how it may be
due to the presence of an (unspecified) dopant—defect interaction, which is modelled as essentially increasing
the recombination activity of defects proportionally to the doping concentration N, without changing other
recombination parameters such as energy level or ratio of capture cross-sections. One example of such a
dopant—defect interaction is the boron—oxygen-related metastable defect (BO defect, for short) which strongly
limits the performance of boron-doped Czochralski (Cz) wafers.” The effect of the BO defect is less important
in multicrystalline wafers, because these have a lower undegraded lifetime to start with (due to other defects)
and the oxygen concentration is generally lower.”~

In this paper we present another explanation for the discrepancy between modelled and empirical optimal
base resistivity. This explanation is inherent in the relation between base resistivity and carrier recombination
through impurities in the Shockley—Read—Hall (SRH) model, and is relevant for several common transition
metal impurities. In the SRH model the recombination rate will either be constant or increase with decreasing
base resistivity, depending on the energy level and capture cross-sections of the dominant defect. An increase in
recombination rate for a decrease of the resistivity of course counteracts any beneficial effects and shifts the
optimum towards higher resistivity.

The dependence of SRH recombination on resistivity is very small if the defect’s capture cross-sections for
holes and electrons are almost equal and its energy level is not shallow. It will be very prominent if the hole and
electron capture cross-sections differ significantly and the smallest cross-section is for the majority carrier. This
is the case, for example, for interstitial iron (Fe;), one of the most dominant impurities in p-type multicrystalline
silicon.®” Therefore we think it is probable that neglect of the relation between SRH recombination rate and
base resistivity at least contributed to the discrepancy discussed above.

In this paper we will consider in detail the cases of Fe; and, for comparison, the BO defect in industrial solar
cells. Both defects drive the optimum resistivity to higher values, although via different mechanisms. It is esti-
mated that the impact of the two defects is roughly comparable, although unfortunately the knowledge of the
activity of the BO defect in multicrystalline material is limited. In addition to the effect of base resistivity, we
will also shortly discuss the effect of the type (n or p) of base doping for the case of Fe;.

The SRH recombination lifetime is, for p-type silicon, accurately represented by:®

Too(n1 + An) + T,0(Na + p1 + An)
(Na + An)

(1)

TSRH —

where N, is the base doping concentration, which is of course directly related to resistivity: a higher Na cor-
responds to a lower resistivity; An is the excess carrier density (assumed to be equal for electrons and holes).
The parameters 7,0 and 7, are related to the electron and hole capture cross-sections o, and o, of the recom-
bination centre, their density N, and the carrier thermal velocities vy:

1 1
Tho — and Tpo =

Nowinn No,vip

The factors n; and p, are the equilibrium carrier densities when the recombination centre energy E, coincides
with the Fermi level. The thermal velocity is taken” as ~1-7 x 107 cms~'.
The approximation An < Ny is appropriate for industrial solar cells with base doping N, larger than about

10" cm ™ and operating at maximum power, and allows the equation to be simplified further to:

_ Tpo(n1 + An) + 7,0(Na + p1)
TSRH — Na

()
Therefore, the lifetime will depend on the base doping concentration as:

TSRH,1 _ Nao y 14+ ax (Naj+p1) _ Nao <K 3)
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where

Tno
a=—"—
Tp()(nl + An)

This means that if Na; > Na o, then Tsru1 < Tsr2-

In some cases the factor K in Equation (3) will approach 1, and 7sgy will be approximately linear in 1/Ny,
and as a result, approximately linear in resistivity. For example, Figure 1(a) shows the lifetime determined by a
concentration of 3 x 10" cm ™ Fe;, as a function of base resistivity, for typical injection levels. The Fe; recom-
bination palrameters10 are £, — E,=0774¢eV, 0,="7 X 1077 cm?, o,=5X% 10~ cm?. A concentration of Fe;
around 10" cm ™ is common in mc-Si after gettering.!' The region in which the lifetime increases roughly
linearly with the resistivity is clearly visible. The dependence of the lifetime on the base resistivity increases
dramatically for a fixed generation rate (chosen as 0-1 suns to approximate maximum power conditions in a
solar cell), rather than a fixed injection level. This striking effect is related to the dependence of SRH recom-
bination on injection level. Figure 1(a) clearly shows that a significant concentration of Fe; will result in a pre-
ference for higher base resistivity, necessary to maintain a reasonable carrier lifetime.

Figure 1(b) shows a similar lifetime calculation for the BO defect. The BO defect in multicrystalline silicon
has been studied in several papers.>~ Because absolute capture cross-sections of this defect are not known, the
relation between defect density and degradation of lifetime (from 7; to 7¢) is expressed through a ‘normalized
defect density’ N, :

R
Nj=———
f T

Nt* is proportional to the boron concentration, therefore Nt* /N (in 10'¢ cm3us_1) can be used to remove the
dependence on the boron concentration.

The reported N; /N4 varies from less than 0-01 x 10'®cm? ps™! for 6 ppma oxygen, to 0-2 x 10"°cm® ps™
for 20 ppma. The oxygen concentration in multicrystalline ingots typically is between 10-20 ppma in the bot-
tom, decreasing to less than 5ppma in the top.'* The value of N;/Na = 0-01 x 10" cm? us™! is therefore a
representative value, and is used in Figure 1(b). In this case the the majority of the dependence of lifetime
on resistivity arises from the chemical presence of boron in the defect itself, and not from the electronic proper-
ties of the defect. The increase of lifetime with resistivity is slightly stronger than linear because the BO defect
has an asymmetry of capture cross-sections'® of a factor 9-3.

Figure 1 shows that the impact of both defects is similar for realistic defect densities. Clearly the balance will
depend on the exact defect concentrations present in a particular material. For a precise analysis of their relative
importance in multicrystalline material, the relation between N;, oxygen concentration, and other material
parameters would have to be known in more detail. Also, the Fe; concentration in cells can vary rather strongly
with process steps and process parameters.

We note that the Auger and radiative recombination lifetime'* are much higher than the SRH lifetime in
Figure 1, for resistivity higher than about 0-05 €2 cm. Only for resistivity below 0-035 £2 cm is the recombination
rate from these processes higher than the SRH rate.

To illustrate how the dependence of lifetime on base resistivity can affect solar cells, Figure 2 shows the
calculated cell efficiency as a function of base resistivity. The cells were modelled with parameters typical
for industrial processing, with a screen-printed Al-BSF modelled as a 9-um-thick region of high acceptor con-
centration (4 x 10" cm ™) and low lifetime.' The calculations were performed in PC1D.'® Three cases are
compared: (i) Fe; recombination centres with a concentration of 10" em™3; (i) BO centres with
N;/Na = 0-01 x 10'°cm? pus™'; and (iii) mid-gap recombination centres with o, = 0, and Tsgu ~20 s (at
1-5Q cm, only weakly dependent on base resistivity).

From plots like Figure 2, for a range of defect concentrations, the optimal base resistivity as a function
of defect concentration can be derived. The results are given in Figure 3. Clearly, a higher Fe; or BO concen-
tration leads to a higher optimal base resistivity. Also shown, in Figure 3(b), is that, in contrast, for mid-gap

1
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Figure 1. Lifetime calculated as a function of base resistivity: (a) for a concentration of 3 x 10'' cm™ Fe; impurities,

according to Equation (1). For a fixed generation of 0-1 sun, the dependence on base resistivity is even stronger than for a

fixed injection level. Base resistivity was related to dopant concentration N, using PCID; (b) for the BO defect with

normalized defect density N* /Ny =0-01 x 10~ 1% cm?/us at An= 10" cm ™. For reference, a dotted line reproduces the 0-1
sun curve for Fe; from (a)

recombination centers with o, = o,,, where the bulk lifetime depends only weakly on base resistivity, a higher
defect concentration leads to a lower optimal base resistivity.

It can be noted from Figure 1 that recombination only due to Fe; or BO leads to very high lifetime values for
high base resistivity. Therefore this modelling results in rather high optimal resistivity values of 10 {2cm and
higher. It is likely that in reality other impurities and defects will impose a cap on the actual bulk lifetime. The
results of imposing such a lifetime cap in the modelling are also shown in Figures 2 and 3. A cap does not change
the qualitative behaviour of the dependence of optimal base resistivity on defect concentration in Figure 3, but it
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Figure 2. Cell efficiency calculated with PCID as a function of base resistivity: (a) for recombination via 10" em™3 Fe;

impurities, and for comparison, for recombination via mid-gap defects with 0, = 0,, and Tsgy ~ 20 pis at 1-5 Q2 cm, weakly

dependent on resistivity; (b) for the BO defect with normalized defect density N.*/Ny=0-01 x 10716cm3/us at

An=10"cm ™. An industrial cell process with Al-BSF rear-surface passivation is modeled. The dotted line represents cell
efficiency assuming a cap of 200 s on the bulk lifetime

shifts the curve to lower values of optimal resistivity. In both cases, a relatively low cap of 20 ps can result in an
optimum below 1 2 cm. The position of the curves is influenced by the exact defect parameters, especially the
energy level of the defect. The curves are rather independent of the model for the solar cell, except that if the
model does not include rear-surface passivation (such as the presence of a back surface field) there is no sig-
nificant dependence of cell efficiency on bulk lifetime.

The behaviour described above for Fe; is due to the fact that the hole capture cross-section is much smaller
than the electron capture cross-section. Because of the small hole capture cross-section, even though holes are
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Figure 3. (a) Optimal base resistivity calculated as a function of Fe; concentration, for cells as in Figure 2; (b) optimal base

resistivity calculated as a function of BO complex concentration, for cells as in Figure 2. As a reference, also shown is the

optimal doping as a function of defect concentration, for a mid-gap defect with 0, = 0,,. Defect densities are represented as

normalized values, i.e., as N at Ny = 10'® cm ™ for the BO complex, and as 1/7 for the mid-gap defect. The results are
shown for modelling without bulk lifetime cap, and for caps of 200 and 20 ps

majority carriers, their capture rate is limiting the recombination rate. This capture rate is proportional to the
concentration of holes, which is in turn determined by the base doping.

If holes are the minority carrier their concentration will be determined by the injection level, and not by the
base doping. In that case, a small hole capture cross-section will result in a low recombination rate (high life-
time) virtually independent of resistivity. To illustrate this, Figure 4 shows the lifetime in p-type and n-type
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Figure 4. Minority-carrier lifetime calculated as a function of base resistivity in n- and p-type silicon, for a concentration of
3% 10" ¢cm™ of Fe;. The calculations are for an injection level of An=10"*cm™

silicon, both with 3 x 10! cm 3 Fe; impurities. The difference in lifetime between the two substrates is several
orders of magnitude. Since Fe; may be expected to be a dominant impurity in n-type silicon, too, this may
explain the unusually high lifetimes recently observed in n-type silicon.'’

It is important to note that Fe is representative for a wider range of impurities. The effects described in this
paper are intrinsic properties of deep SRH centres with smaller cross-sections for majority carriers than min-
ority carriers. Many other transition metal contaminants in silicon have capture cross-sections with asymmetry
similar to Fei.19

In conclusion, asymmetrical capture cross-sections of impurities, for electrons larger than for holes, provide
an explanation for the empirical preference for higher resistivities in p-type solar grade silicon than might other-
wise be expected. It is also an explanation for remarkably high carrier lifetimes in n-type solar grade silicon.
The physics of this effect is fundamentally different from and independent of chemical dopant—defect interac-
tions such as occur with the BO defect. When impurities in silicon wafers are reduced (including the oxygen
content), the optimal bulk resistivity may shift downwards, as indicated in Figure 3. The concentration of
(active) defects can be reduced by, for example, improved silicon feedstock, improved ingot growth technology,
improved gettering, or by hydrogen passivation. Therefore, the optimal resistivity determined empirically sev-
eral years ago may have changed for the present wafer and cell production technologies.
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