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Abstract—To understand the role of deliberate phosphorus doping on
the minority carrier lifetime of iron contaminated boron-phosphorus-
compensated p-type solar grade silicon, a numerical study has been
performed. This study confirmed that compensation results in a
significant increase in the bulk lifetime of a minority carrier. The gain in
the carrier lifetime is predicted due to the shift in the Fermi energy level,
carriers screening and reduction in net equilibrium hole concentration.
The bulk lifetime of a minority carrier reaches its maximum for a
phosphorus concentration around 10'%cm if the boron concentrations
remain fixed at 10*cm,

The aim of using lower grade silicon in the photovoltaic
industries is to lower the module costs. Based on purity,
three kinds of silicon are available, namely metallurgical
grade (98% pure), solar grade (99.9999% pure) and
electronic grade (99.9999999% pure) silicon. The
metallurgical silicon is not suitable for PV application.
Although there might be slight differences in performance
in comparison to EG Si, solar grade (SoG) silicon is the
optimal choice to cut down the cost up to an acceptable
minimum as it is the cheapest among the three types of the
above mentioned graded silicon. The main issue involved
with the SoG is the amount of impurities (e.g. Fe, Cr, Ni,
etc.) present. Impurities are found to be detrimental to the
final solar cell conversion efficiency. The transition metal
impurities are likely to affect the minority carrier lifetime,
thus affecting the efficiency of the solar cells made out of
SoG silicon. Due to their higher segregation coefficient,
the complete removal of electrically active impurities of
boron (B) and phosphorus (P), using conventional
purification techniques, such as the Siemens process, are
quite challenging, meaning that SoG is often
compensated. Both B and P introduce shallow energy
levels (B at Ev+0.045 eV and P at Ec-0.044 eV) [1] near
the energy bands and act as either recombination or trap
centres. These shallow energy levels enhance the
recombination lifetime of minority carrier.
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Recent studies explain the transport properties and impact
of boron-oxygen related defects in compensated silicon
[2-4]. Dubois et al. [5] studied the effect of compensation
level on a carrier lifetime. Recently Macdonald and
Cuevas [6] studied the recombination in compensated
silicon for solar cells.

Previous studies showed that compensation would lead
to an increase in the carrier scattering mechanism, lower
the carrier mobilities, and hence could limit the lifetime in
highly doped SoG Si specially after a phosphorus
diffusion step [7]. This study finds that it is possible to
increase both intrinsic and the Shockley-Read-Hall (SRH)
recombination lifetime of a minority carrier significantly
by virtue of suitable boron-phosphorus compensation.

There is a direct correlation between the carrier lifetime
and conversion efficiency of a solar cell [8]. Extensive
research endeavor was made over the last few decades to
ameliorate the factors affecting the lifetime to upgrade the
efficiency of both single doped mono and multi-crystalline
silicon solar cells. We have deployed those previously
published relevant data to study the impact of
compensation on minority carrier lifetime. By ‘lifetime’
we have meant recombination lifetime due to the results of
radiative, Auger and SRH recombination processes [9].

This study uses the analytical equations available for
different recombination mechanisms at low injection and
low temperature [8-9]. The -equations are slightly
modified to incorporate the compensation effect. The
presence of interstitial iron introduces a defect centre at
the energy level Ev+0.38eV. Iron-boron pair introduces
an energy level at Ec-0.23eV and Ec-0.29eV [10]. These
energy levels are mainly responsible for SRH
recombination [11-12]. Compensation reduces the net
doping concentration, and has great influences on intrinsic
recombination processes [6].

For a fixed acceptor doping of N,=10"cm™ donor
concentration, Np is varied over a range of 10™ to 10% so
that it becomes predominantly p-type. Net hole
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concentration, po, for p-type compensated silicon is the
difference between N, and Np.

At low injection, radiative recombination is inversely
proportional to net doping while Auger recombination is
inversely proportional to the square of the net doping [8-
9]. In uncompensated p-type silicon, the net doping is
simply equal to Na. In uncompensated silicon the impact
of intrinsic recombination in carrier lifetime is negligible
(shown in Fig. 1), but our simulated results showed it is
not the same case for compensated silicon. There is a
substantial increase (about 100 times) in minority carrier
lifetime for low level compensation and is shown in Fig.2.
Due to the compensation of boron by phosphorus atoms,
the reduction in a free carrier shifts the Fermi level near
the mid gap of an energy band. As a result, the attractivity
of neutral boron becomes exacerbated for the electrons.
Coulomb interaction between quasi-free particles results
in local inhomogeneities in the carrier density and induces
a spatial correlation of electron-hole pairs due to the
formation of bound states. These bound states dominate
under low doping concentration and are found to be
vanished at a doping concentration above 10%cm™
because of complete screening of electron-hole interaction
[13]. The overall impact is an increase in the minority
carrier lifetime.
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Fig. 1. Intrinsic carrier lifetime of minority carrier in uncompensated
SoG Silicon.

At low injection, standard SRH lifetime equation [8-9]
is modified into

—(N I[Pt P, On| Mot , 1
Tam = (Niouva) K Py + N, +cp P, + Ny @)

where N, is defect concentration, vy, is thermal velocity, o,
(1-1.4-10"cm?) and o, (6-7-10""cm?) are electron and
hole capture cross section, respectively, po and nq are
equilibrium hole and electron density respectively, p; and
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n, are hole and electron concentration calculated at defect
energy level.

4

10

10 *

10 |

107 4

10* E

Minority carrier intrinsic lifetime [micro sec]

10’6 r I r
10 10 10" 10" 10"
Donor concentration [cm-3]

Fig. 2. Intrinsic carrier lifetime of a minority carrier in compensated
SoG Silicon.

For p-type compensated silicon, Eq. (1) can be further
reduced as follows

Topn = (PN, V) l|:(po"' pl)*’%”ﬂ’o}- (2
P

To avoid the trapping effect, N, is set equal to 10™2cm.
The defect energy levels introduced by iron play a vital
role in SRH recombination. Interstitial iron [Fe;] that
introduces energy level close to a mid-gap is most
effective for SRH recombination. For a fixed value of the
hole concentration, if the donor concentration varies then
the hole is screened out by electron. For this reason,
equilibrium hole concentration, p, decreases. As a result,

SRH lifetime increases as the compensation level
increases as illustrated in Fig. 3.
The compensation ratio is defined as
N,+N
Rc:ul (3)
NA_ND
where N, and Np are the acceptor and donor

concentration, respectively. The analytical model adopted
in the presented study has found an increase of 0.2ms in
SRH lifetime for a factor of 10 change in compensation
ratio as shown in Fig. 4.
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Fig. 3. Minority carrier lifetime for SRH recombination of

compensated SoG silicon.
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Fig. 4. Gain in SRH lifetime.

The focus of the research was only to deal with bulk
recombination mechanisms associated with SoG silicon.
The overall impact of compensation on bulk lifetime can
be modeled as

Tsrr T
H
Tery 17T

(4)

Toulk =

where 1; is the intrinsic carrier lifetime. For deep energy
level, SRH recombination lifetime becomes almost equal
to a minority carrier capture time constant and then the
dopant concentration has less significance on tggy. In this
case, Tk = Tsru. It can also be confirmed from the
simulated results shown in Fig. 5.
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Fig. 5. Bulk lifetime of minority carrier in compensated SoG silicon.

From Fig. 5, it is clear that the bulk recombination
lifetime is dominated by SRH recombination lifetime for a
lower compensation, while it follows the same pattern of
intrinsic lifetime for donor concentrations above 10*°cm.
The maximum of bulk lifetime occurs for a donor
concentration around 10%cm™® for a fixed acceptor
concentration of 10*'cm,

This study confirmed that a suitable donor compensation
may results in an upgrade in both intrinsic and SRH
lifetime. The increase in a minority carrier bulk lifetime is
quite significant and noticeable.
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grateful to the editor for her kind cooperation.
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