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Deliberate compensation of crystalline silicon results in a decrease in the equilibrium carrier
concentration, which leads to an increased carrier lifetime for the intrinsic recombination processes
of Auger and radiative recombination. We present modeling which reveals that compensation also
often leads to a significant increase in lifetime for recombination through defects via the
Shockley–Read–Hall mechanism, a conclusion which is confirmed experimentally for the case of
interstitial iron in p-type silicon. We show that the increased Shockley–Read–Hall lifetime can
result from either an injection-level effect for deep levels, or from a Fermi-level effect for
shallower levels. For cases where the defect exhibits no injection dependence of the carrier
lifetime, compensation does not lead to an increased lifetime. Further modeling demonstrates that
in certain cases, the lifetime increase can be expected to significantly outweigh the competing
reductions in carrier mobilities and net doping, resulting in an improved short-circuit current,
C 2011 American Institute of Physics.
open-circuit voltage, and solar cell efficiency. V
[doi:10.1063/1.3555588]

I. INTRODUCTION

II. METHODS

Low-cost solar-grade silicon materials often contain high
concentrations of unwanted dopant species such as B, P, and
Al.1–3 Rather than undergoing expensive and energy-intensive
purification steps to remove these dopants, an alternative is to
add compensating dopants in order to achieve suitable resistivity values. Indeed, previous work has shown that such dopant
compensation results in a significant improvement in the
carrier lifetime,4 courtesy of the reduced equilibrium carrier
concentration. Accordingly, several research groups have demonstrated solar cell performance on compensated material that
is comparable with noncompensated control cells.5–8 In this
work, we explore in more depth the underlying reasons for the
improved carrier lifetimes in compensated silicon, both for
intrinsic recombination processes such as Auger and radiative
recombination, and also for recombination through defects, as
governed by the Shockley–Read–Hall (SRH) model. We also
demonstrate experimentally that it is indeed the net doping
concentration, rather than the B and P concentrations themselves, that determines the recombination activity of recombination centers and, in particular, interstitial iron. Finally, we
model the overall impact of compensation on solar cell parameters such as short-circuit current, open-circuit voltage, fill-factor, and efficiency, taking into account the competing effects
of increased lifetimes and reduced net doping and carrier
mobilities. The results suggest that for some practical SRHlimited cases, compensation can lead to improved device
performance, although for certain cases compensation has no
positive impact. For cases where compensation is beneficial, it
can allow a greater tolerance of unintended dopants in solargrade silicon feedstocks which might otherwise be too heavily
doped for solar cell fabrication.

Modeling the impact of compensation on the carrier lifetime and solar cell parameters (voltage, current, fill factor, and
efficiency) was performed using the simulation program QSS9,10
MODEL.
This program allows the acceptor and donor concentrations NA and ND to be specified explicitly, enabling the
impact of compensation on carrier mobilities to be determined
using Klaassen’s model.11,12 It also allows simple extraction
of the relevant data at a fixed generation rate, usually chosen
as 0.1 suns in this work, unless otherwise stated (for example,
for open-circuit voltage or short-circuit current determination
the illumination is set to 1 sun, i.e., 100 mW/cm2). A generation rate of 0.1 suns approximates the maximum power conditions in a working terrestrial solar cell. The modeling package
also correctly accounts for nonuniform excess carrier profiles
in the cell base when the minority carrier diffusion length
becomes comparable to or less than the wafer thickness. The
model is valid for low, intermediate, and high injection level
conditions, and includes possible electric fields in the base
region due to ohmic losses or to the mobility difference
between electrons and holes. We have tested different mobility models, including that proposed by Arora et al.,13 as used
in the computer program PC1D,14 and found that they have
very little impact on the device output parameters (less than a
0.3% discrepancy in Jsc); therefore we have chosen to use
Klaassen’s model in low injection, since it accounts for small
differences in electron and hole mobilities arising from
whether the carriers are in the majority or minority. The low
injection assumption is valid in the cases modeled here, since
the excess carriers do not make an appreciable contribution to
carrier scattering in comparison to lattice and ionized dopant
scattering. The model automatically swaps from p-type to
n-type silicon when ND >NA by implementing straightforward
changes to the carrier density and device voltage equations as
well as to the direction of current flow.
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Within this model, intrinsic carrier lifetimes due to the
combined impact of Auger and radiative recombination are
determined using the empirical model of Kerr and Cuevas.15
For calculating recombination lifetimes via the Shockley–
Read–Hall model,16,17 energy levels ET and capture cross
sections for electrons and holes rn and rp for two iron-related
levels were ET ¼ EV þ 0.38 eV, rn ¼ 1.4  1014 cm2, and
rp ¼ 7  1017 cm2 for interstitial Fe (Fei),18,19 and ET ¼ EC
– 0.26 eV, rn ¼ 5  1015 cm2, and rp ¼ 3  10 15 cm2 for the
acceptor level for iron-boron pairs (FeB).20 A third SRH level
was also modeled, with assumed parameters of ET ¼ EC – 0.55
eV, rn ¼ 1016 cm2, and rp ¼ 1014 cm2. These values are
very similar to those of the acceptor level of substitutional
gold21 AuS (ET ¼ EC – 0.55 eV, rn ¼ 1.4  1016 cm2, and
rp ¼ 7.6  10 15 cm2). However, in reality, the presence of the
additional donor level for AuS makes the modeling more
complex, since the dominant recombination level may be
different in p- and n-type silicon, and so for the purposes of
illustrating the principal effects, here we have modeled only the
single acceptor level defined above. The thermal velocities vth
of electrons and holes were taken to be 1.1  107 cm/s.22 For
simulating solar cell performance, the front and rear surfaces
were modeled with a saturation current density of J0E ¼ 1013
A cm2 each, representative of standard modern solar cell
technology. The AM1.5G spectrum and a temperature of 25  C
were assumed, together with a 75 nm thick silicon nitride
antireflection coating on the front planar surface, and a wafer
thickness 250 lm.
To demonstrate experimentally the impact of compensation on carrier lifetimes, compensated and noncompensated silicon wafers of various dopant concentrations were
prepared with identical concentrations of interstitial iron,
which is a strong and well characterized recombination
center in silicon. The samples used were cleaved sections
of p-type, h100i-oriented Cz-Si wafers from three B-doped
control ingots (noncompensated), and two compensated
ingots, doped with both B and P, as described elsewhere.23,24 The samples were etched, cleaned, and
implanted with 70 keV Fe56 ions to a dose of 5  1010
cm2 through a 30  30 mm2 Si aperture. After further
surface cleaning, the samples were annealed at 900  C in
nitrogen for 1 h, distributing the Fe uniformly throughout
the sample thickness (140 lm), and resulting in a target
volume Fe concentration of 3.6  1012 cm3. Note that
this is below the solid solubility limit18 of Fe at 900  C,
(approximately 4  1013 cm3), and hence precipitation is

sintrinsic ¼

ðp0 þ n0 þ DnÞð1:8 

1024 n0:65
0

avoided. The low energy and dose used have previously
been shown not to cause any significant residual lifetimeaffecting damage after annealing.25 The interstitial Fe concentration in a 1.2 X cm control sample was checked by
measurement of the carrier lifetime before and after FeB
pair dissociation,26,27 and was found to be 3.4  1012
cm3, very close to the target value.
Plasma-enhanced chemical-vapor deposited SiN films
were deposited on both surfaces at 400  C for surface passivation. Effective carrier lifetimes were measured with the
quasi-steady-state photoconductance technique.28 This technique requires the sum of the electron and hole mobilities in
order to calculate the carrier lifetime from the measured photoconductance. Klaassen’s mobility model11,12 was used to
estimate the mobility sums in the compensated samples,
using the acceptor and dopant concentrations NA and ND
determined as described below.
The resistivities of the noncompensated control wafers
were measured to be 0.50, 1.2, and 2.9 X cm, corresponding
to boron concentrations NA of 3.3  1016, 1.3  1016, and
5.3  1015 cm3, respectively. The resistivities of the compensated samples were 0.68 and 2.1 X cm, with B concentrations of 7.1  1016 and 4.0  1016 cm3 respectively,
determined via Fe-acceptor pairing measurements23 as
described elsewhere.29 Using Klaassen’s mobility model for
majority carriers11,12 (which has recently been shown to be
accurate for majority carriers in compensated silicon30),
combined with these resistivity and NA values, and iterating
until self-consistency is achieved, yields phosphorus concentrations ND of 4.2  1016 and 3.2  1016 cm3, and net
doping concentrations p0 of 2.9  1016 and 8.5  1015 cm3
respectively.
III. RESULTS AND DISCUSSION
A. Intrinsic recombination: Auger and radiative

Intrinsic recombination in crystalline silicon is comprised of Auger and radiative recombination. The carrier
lifetime resulting from these intrinsic processes, sintrinsic, is
dependent on the equilibrium carrier concentrations n0 and
p0, the excess carrier concentrations Dn and Dp, and the total
carrier concentrations n ¼ n0 þ Dn and p ¼ p0 þ Dp. In the
absence of carrier trapping,31 Dn ¼ Dp. Kerr and Cuevas15
developed a parameterization [their Eq. (24)] based on experimental results describing the combined impact of Auger
and radiative recombination:

1
;
þ 6  1025 p0:65
þ 3  1027 Dn0:8 þ 9:5  1015 Þ
0

where the final term in the denominator represents radiative
processes, and the other three terms represent Auger processes.
Clearly it is the net doping concentrations n0 (n0 ¼ ND  NA in
n-type silicon) and p0 (p0 ¼ NA  ND in p-type silicon) that are
the relevant parameters, rather than the dopant concentrations
NA and ND themselves. As a consequence, the addition of

(1)

compensating dopants, which reduce the net majority carrier
concentration, can result in increased intrinsic lifetimes.
Figure 1 shows how the intrinsic lifetime, according to
Eq. (1) above, varies as a function of the donor concentration
ND, for several fixed values of the acceptor concentration
NA. This is a useful way to present the results, since it
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FIG. 1. The intrinsic lifetime sintrinsic due to Auger and radiative recombination in silicon as a function of the concentration of compensating donor
atoms added ND, under an illumination intensity of 0.1 suns. Three different
acceptor concentrations NA are shown, with the vertical dashed lines representing the intrinsic points where NA ¼ ND.

illustrates the effect of adding additional donor dopants to a
material with a given amount of acceptors, as might be performed in practice. The lifetimes are calculated with a modeled illumination intensity of 0.1 “suns” (10 mW/cm2
under the AM1.5G spectrum), which determines the excess
carrier concentration Dn. This value was chosen as it represents approximately the maximum power point of a nonconcentrating solar cell. Note that for each curve there is an
“intrinsic” point where NA ¼ ND, shown as a vertical dotted
line. To the left of the intrinsic point, the material is p-type,
and to the right, n-type. The figure demonstrates the significant increase in intrinsic lifetime near the point of perfect
compensation, due to the reduction in the free carrier
concentrations (n0 ¼ p0 ¼ ni). On the n-type side of the
curves, the free electron concentration increases rapidly, and
then becomes dominant, causing the intrinsic lifetimes to
converge. It is possible to plot an equivalent figure for the
case of fixed ND values, as a function of added NA, leading to
n-type material on the left side, and p-type on the right,
although for these intrinsic recombination processes, the
result is qualitatively similar to Fig. 1.
B. Shockley–Read–Hall recombination

In reality, nonconcentrating silicon solar cells are rarely
dominated by intrinsic recombination, but by recombination
through defects and impurities. Such recombination can be represented with the SRH model, leading to a SRH lifetime sSRH:
sSRH ¼

sn0 ðp0 þ p1 þ DnÞ þ sp0 ðn0 þ n1 þ DnÞ
;
n0 þ p0 þ Dn

(2)

where sn0 and sp0 are the capture time constants for electrons
and holes, related to the capture cross sections of the defect
for electrons and holes rn and rp, the thermal velocity vth
and the recombination center concentration N via
sn01 ¼ Nvthrn and sp01 ¼ Nvthrp. The parameters n1 and p1
are, as usual, equal to the equilibrium electron and hole densities when the Fermi level is coincident with the recombination center energy level.

FIG. 2. The effective lifetime sSRH þ intrinsic due to an interstitial iron concentration of [Fei] ¼ 5  1011 cm3, and intrinsic recombination, as a function of
the concentration of compensating donor atoms added ND, under an illumination intensity of 0.1 suns, for three different acceptor concentrations NA.

As with intrinsic recombination, the relevant doping parameters for determining the SRH lifetime are the net dopant
concentrations n0 and p0, as opposed to the actual NA and ND
values themselves. This allows the prospect of manipulating
the SRH lifetime via compensation. Figure 2 shows the
impact of compensation on the SRH lifetime, plotted in the
same fashion as Fig. 1, but with the addition of 5  1011
cm3 interstitial iron atoms (Fei) acting as SRH recombination centers. Note that the impact of intrinsic recombination
is also included, and so the quantity plotted is actually the
effective lifetime 1/seff ¼ 1/sSRH þ 1/sintrinsic. The lifetimes
are again calculated with a generation rate of 0.1 suns. The
plot shows that the presence of the Fei causes a large reduction in the lifetime compared to the intrinsic lifetimes in
Fig. 1, when there is little compensation (i.e., at the very left
hand side of the plot). However, as the concentration of
donors is increased toward the intrinsic point, the reduction
in the equilibrium carrier concentration p0 causes both the
SRH and intrinsic lifetimes to increase dramatically. This is
the underlying physical reason for the improved carrier lifetimes in the more heavily compensated parts of silicon
wafers recently observed by Dubois et al.4
While the curves in Fig. 2 reveal the global impact of
compensation on SRH recombination, there are in fact two
separate effects that can combine to yield an overall increase
in the SRH lifetime. The first of these could be termed an
“injection-level effect.” This is depicted in Fig. 3, which
shows the SRH lifetime for Fei as a function of the excess
carrier concentration Dn, for four different values of the net
doping p0. The case shown is for p-type silicon. Also shown
on the plot is a diagonal line corresponding to a generation
rate of 0.1 suns. The intersection between this diagonal line
and the lifetime curves gives the corresponding lifetime near
maximum power conditions. It can be seen that as p0
decreases, the entire lifetime curve is shifted to the left, and
the SRH lifetime at 0.1 suns increases. Such injection-level
effects only occur for SRH centers that exhibit a strong injection dependence of the lifetime. Generally this occurs for
deep levels with a much larger capture cross section for minority carriers than for majority carriers (as is the case for
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Fei in p-type silicon). Note that, by contrast, in n-type silicon, Fei exhibits no injection dependence,32 and therefore
compensation would not result in an increase of the carrier
lifetime (although the impact on the lifetime per Fe atom is
much reduced in n-type silicon anyway).
The second effect could be referred to as a “Fermi-level
effect” and applies to shallower levels that are positioned
near the Fermi level, or its mirror image in the opposite
band-half. An example is shown in Fig. 4 for the case of the
acceptor level of FeB pairs. Again, the figure clearly shows
that a decrease in the net doping p0 results in an increase in
the lifetime at 0.1 suns. However, this is caused predominantly by a change in the shape of the lifetime curve, rather
than a simple horizontal shift (although the horizontal shift
caused by the injection-level effect is also present). Such a
change in shape occurs when either p1 or n1 becomes comparable to p0 or n0 in the SRH expression, or in other words,
when the Fermi level is near the defect level (or its mirror
image in the other band-half). For net doping concentrations

typical of solar cells, this means that such levels must be relatively shallow (less than approximately 0.2 eV from either
band edge for a net doping of 1016 cm3). In general, it is the
deeper levels like Fei that are most detrimental in silicon solar cells, and so the injection-level effect is likely to be more
important in practice than the Fermi-level effect.
With this distinction in mind, it is clear that the injection
level effect plays a large role in Fig. 2 for Fei. The larger
capture cross section for electrons results in a strong injection dependence in p-type silicon, causing the dramatic
increase in lifetime as the degree of compensation is
increased on the p-type side of the intrinsic points in Fig. 2.
In contrast, on the n-type side of the intrinsic points, the presence of Fei has a much lower impact on the lifetime, and the
curves follow the intrinsic lifetimes of Fig. 1 quite closely.
In contrast to the donor level for Fei, deep acceptor levels in silicon, such as occur for AuS or ZnS,21 often have a
reversed capture cross section asymmetry.33 This means that
they have a much greater recombination activity in n-type
silicon, with strong injection dependence, while in p-type silicon they have little impact and no injection-dependence.
Therefore, compensation does not result in an increase in the
SRH lifetime in p-type silicon for such levels, although it
has a dramatic effect in n-type silicon. This can be seen in
Fig. 5, which shows the combined effect of an acceptor level
at EC  0.55 eV and a large capture cross section asymmetry,
and intrinsic recombination, for a generation rate of 0.1 suns,
in analogy with Fig. 2 for Fei. On the p-type side there is
only a small positive impact of compensation, which is
caused entirely by the intrinsic processes as shown in Fig. 1.
On the n-type side, however, near the intrinsic point there is
a strong positive effect from increasing compensation (i.e.,
moving from the right hand side of the plot toward the intrinsic point).
These examples serve to show that for the case of SRH
recombination, compensation can have a beneficial impact
on the carrier lifetime, just as it can for intrinsic recombination processes. However, for SRH recombination, the magnitude of the impact depends very sensitively on the energy

FIG. 4. The Shockley–Read–Hall (SRH) lifetime sSRH due to an iron-boron
pair concentration of [FeB] ¼ 5  1011 cm3 as a function of the excess carrier density Dn, for four different values of the net doping p0. The dashed
lines represent generation rates of 0.1 suns (near maximum power conditions) and 1 sun (open-circuit conditions).

FIG. 5. The effective lifetime sSRH þ intrinsic due to an acceptor SRH center
with a concentration of NT ¼ 5  1011 cm3, and intrinsic recombination, as
a function of the concentration of compensating donor atoms added ND,
under an illumination intensity of 0.1 suns, for three different acceptor concentrations NA.

FIG. 3. The Shockley–Read–Hall (SRH) lifetime sSRH due to an interstitial
iron concentration of [Fei] ¼ 5  1011 cm3 as a function of the excess carrier density Dn, for four different values of the net doping p0. The dashed
lines represent generation rates of 0.1 suns (near maximum power conditions) and 1 sun (open-circuit conditions).
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levels and capture cross sections of the defect in question.
Since many of the common metallic impurities in silicon,32
as well as the well-known boron-oxygen defect,34,35 tend to
exhibit a strong injection dependence of the carrier lifetime
in p-type silicon, it is likely that compensation will be of
greater benefit in p-type materials.
To demonstrate experimentally that it is indeed the net
doping, rather than the dopant concentrations, which determines the SRH lifetime, we measured carrier lifetimes on Cz
wafers containing identical doses of interstitial Fe, prepared
and measured as described above. Immediately prior to measurement, the samples were subject to strong light pulses to
break any FeB pairs and ensure that the majority of the Fe
was in the isolated interstitial state, which should provide a
strong distinction between different values of p0 due to the
injection-level effect described above (this is in contrast to
FeB pairs, which have little injection-dependence over the
doping range available). The lifetimes were measured at an
excess carrier density of 1  1015 cm3, and the results are
shown in Fig. 6. For the control samples, which were noncompensated, and for which NA ¼ p0, the lifetimes decrease
steadily as a function of p0, as expected from Fig. 3. The two
compensated samples are also plotted in Fig. 6. When plotted
as a function of p0, they align very well with the control samples, whereas if plotted as a function of NA, they lie well
away from the expected trend. This serves to show conclusively that it is indeed the net doping which determines the
SRH lifetime in compensated silicon, in support of the modeling results described above.
C. Impact on device voltage

The previous section demonstrated that the presence of
compensation can significantly improve the carrier lifetime
in silicon dominated either by intrinsic or SRH recombination. However, the carrier lifetime is only one of several critical parameters that determine the efficiency of a solar cell.
Other important electrical properties are the net doping con-

FIG. 6. Measured bulk carrier lifetimes at an excess carrier density of
Dn ¼ 1015 cm3, for p-type silicon wafers containing the same concentration
of interstitial iron, as a function of either the total acceptor concentration NA,
or the net doping p0 ¼ NA  ND. Three noncompensated control samples are
plotted as a function of NA, while the two compensated samples are plotted
both as a function of NA and p0. The solid line is a guide to the eye for the
control samples.

J. Appl. Phys. 109, 043704 (2011)

centration p0 or n0, which, together with the lifetime, determine the device voltage; and the carrier mobilities, which
affect the resistivity (majority carrier mobility) and short circuit current (minority carrier mobility).
For a p-type base, the voltage of a front-junction nþppþ
device is given by


kT
ðn0 þ Dnfront Þðp0 þ Dnback Þ
þ Vbase ; (3)
V ¼ ln
q
n2i
where Dnfront and Dnback are the excess carrier densities at
the edges of the space-charge regions of the front nþp junction and the rear ppþ high-low junction respectively, ni is the
intrinsic carrier concentration, and Vbase is the electrostatic
drop across the base region due to ohmic losses and to the
difference between electron and hole mobilities.
In steady-state, the average excess carrier concentration
is directly related to the effective carrier lifetime via
Dnav ¼ Gseff, where G is the average carrier generation rate.
Compensation acts to reduce the net doping p0, but, as shown
above, also to increase the lifetime s and therefore the excess
carrier density Dn. Clearly it is important to determine which
of these competing effects is dominant, in order to assess the
potential of compensation to improve device voltages.
Figure 7 shows the open-circuit voltage for a solar cell
with [Fei] ¼ 5  1011 cm 3, with intrinsic recombination
included, and for three different acceptor concentrations NA,
as a function of the added donor concentration ND. The figure shows that, for the cases with NA ¼ 1016 and 3  1016
cm3, the voltage does indeed increase monotonically with
compensation on the p-type side of the intrinsic point, demonstrating that the improvement in lifetime caused by compensation outweighs the reduction in the net doping p0. For
the curve with NA ¼ 1017 cm3, however, there is an initial
decrease in voltage with increasing compensation, until very
strong compensation is reached, when a rapid increase in
voltage occurs. This initial decrease is caused by the fact that
under 1 sun, the carrier lifetime is near the injection-independent region, as also shown for the p0 ¼ 1017 cm3 case in
Fig. 3. The lifetime therefore does not increase strongly with

FIG. 7. The open-circuit voltage VOC, with intrinsic recombination and an
interstitial iron concentration of [Fei] ¼ 5  1011 cm3, as a function of the
concentration of compensating donor atoms added ND, for three different
acceptor concentrations NA.
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compensation, and the simultaneous reduction in p0 causes a
drop in the voltage. At very high compensation, the injection-level effect begins to dramatically increase the 1 sun
lifetime, leading to a significant increase in voltage.
Note, however, that these results are not general. For
example, for interstitial Fe in n-type silicon, in which there
is no injection-dependence of the carrier lifetime for any net
doping level, increased compensation does not improve the
lifetime, but does lower the net doping n0, leading to a drop
in VOC, as seen on the n-type side of the intrinsic point in
Fig. 7. Essentially then, for compensation to result in a net
improvement in VOC, the carrier lifetime has to be strongly
injection dependent under the illumination intensity of interest, either through the injection-level or Fermi-level effects
described above, in order to overcome the simultaneous
reduction in the net doping.
D. Impact on device current

Compensation is also known to cause a decrease in the
carrier mobilities l, due to the presence of additional ionized
dopant scattering centers.30,36,37 The current collected at the
p-n junction in a solar cell increases monotonically with the
minority carrier diffusion length LD ¼ (Ds)0.5, where D is
the minority carrier diffusivity and is related to the mobility
via D ¼ lkT/q. Consequently, there are again competing
affects of compensation on device current—increased lifetimes act to increase the minority carrier diffusion length but
reduced mobilities have the opposite effect. Taking both of
these effects into account, Fig. 8 shows the evolution of the
short circuit current with increasing compensation, for the
same cases described in Sec. III C above. Here we have used
Klaassen’s model for the minority carrier mobilities. Recent
experimental results30 have indicated that this model may
somewhat overestimate minority carrier mobilities in compensated silicon; however, in the absence of a proven alternative,
we have used it here to demonstrate the key principles.
Figure 8 shows that that the net impact of compensation
on the short-circuit current on the p-type side of the intrinsic
point is positive for all three NA values, in contrast to the VOC

FIG. 8. The short-circuit current JSC, with intrinsic recombination and an interstitial iron concentration of [Fei] ¼ 5  1011 cm3, as a function of the
concentration of compensating donor atoms added ND, for three different
acceptor concentrations NA.

J. Appl. Phys. 109, 043704 (2011)

curves described above. This indicates that the reduced mobilities are always outweighed by the increased carrier lifetime.
At first it might seem surprising that the effective carrier lifetime is improved by compensation under short-circuit conditions, since the excess carrier density in the base is expected
to be low, perhaps low enough to avoid the injection dependence of the carrier lifetime. However, the modeling shows
that the average excess carrier density under short circuit condition is actually only slightly lower than at maximum power
(typically about half). Therefore, a generation rate of 0.1 suns,
as shown in Figs. 3 and 4, is also quite close to short-circuit
conditions, revealing that compensation can indeed cause a
significant improvement in carrier lifetime under short-circuit.
Note that, in general, the square root dependence of the JSC on
the carrier lifetime, as opposed to the logarithmic dependence
for the VOC, makes the JSC more sensitive to increases in the
lifetime. This is compounded by the much weaker dependence
of the mobilities on the dopant concentrations NA and ND,
compared to the net doping. Note, however, that for solar cells
with minority carrier diffusion lengths longer than the base
thickness, the dependence of the JSC on the diffusion length is
weaker than the square root dependence for a “long base” device, and the benefits of compensation on the JSC will be
diminished. Nevertheless, in many practical cases it is true
that the impact of compensation is expected to be more positive for the cell current than the voltage.
E. Impact on fill factor

The fill factor of the photovoltaic I-V curve was also
modeled for the cases described above, and is shown in
Fig. 9. The significant drop in fill factor for all three curves
with increasing compensation on the p-type side is predominantly caused by the strongly injection-dependent carrier
lifetime of Fei in p-type silicon, an effect which has been
documented previously in noncompensated devices.38 It is
essentially caused by the fact that the lifetime at maximum
power is significantly lower than at open-circuit. As the compensation becomes stronger, the lifetime at the maximum
power point moves toward higher injection levels, reducing

FIG. 9. The fill factor, with intrinsic recombination and an interstitial iron
concentration of [Fei] ¼ 5  1011 cm3, as a function of the concentration of
compensating donor atoms added ND, for three different acceptor concentrations NA.
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the difference with open-circuit conditions, and leading to a
recovery of the fill factor.
The modeling also accounts for the increased resistive
losses in the base caused by the reduced net doping. This
causes a reduction in the fill factor down to a value of
approximately 0.81 near the intrinsic point, which is visible
in Fig. 9 as a small kink in the curves. Note that the effect of
the increased resistivity of the base is greatly mitigated by
the presence of light-generated carriers through the well
known mechanism of conductivity modulation.
It should be noted that the fill factor values in Fig. 9 represent upper limits of what could be achieved in real solar
cells, since they do not account for resistive losses associated
with the metallization or lateral transport in the emitter.
F. Impact on device efficiency

Figure 10 shows the modeled solar cell efficiencies for
the cases discussed above. For all three NA values there is an
initial drop in efficiency, followed by a significant improvement close to the intrinsic point. For the NA ¼ 1016 and
3  1016 cm3 cases, the initial drop is caused by the reduction in the fill factor associated with the injection-dependent
lifetimes, while for the NA ¼ 1017 cm3 case, this effect is
further compounded by the drop in VOC. The results show
that compensation can, in principle, lead to an improvement
in solar cell efficiency, provided that the compensation is
sufficiently strong. However, as mentioned above, this is not
generally true, and depends on the properties of the dominant
recombination centers. In cases where there is no injectionlevel dependence of the carrier lifetime, for example, Fei in
n-type silicon, the VOC, JSC, and efficiency would all
decrease with increasing compensation. This is evident on
the n-type side of the plots in Fig. 10, which show a reduction in efficiency very close to the intrinsic point, as it is
approached from the right hand side.
As noted above, the range of donor concentrations for
which the efficiency is significantly improved is quite small on
the p-type side of the intrinsic point. In other words, compensation has to be quite strong (i.e., ND > 0.5 NA even for the

FIG. 11. The resistivity q as a function of the concentration of compensating donor atoms added ND, for three different acceptor concentrations NA.

most favorable case in Fig. 10 with NA ¼ 1016 cm3) for a
noticeable effect. This requirement obviously creates challenges in terms of dopant segregation during ingot growth.
However, possible solutions to this problem, for example
using gallium codoping in order to generate uniform resistivity
profiles, have been proposed.39–41 For completeness, Fig. 11
shows the resistivity curves computed using Klaassen’s mobility model for the cases modeled above.
Finally, it is worth noting that, ultimately, the discussion
above largely reflects the usual trade-offs in finding the optimal base resistivity for solar cells.42 Indeed, in terms of
recombination, the case of an uncompensated cell with
NA ¼ 1016 cm3 is entirely identical to a compensated device
ND ¼ 4  1016 cm 3,
and
with
NA ¼ 5  1016 cm 3,
16
3
p0 ¼ 10 cm . The only differences that can arise are due
to the reduced mobilities, which may affect the cell current
or, importantly, if additional defects are created whose concentrations are determined by the chemical presence of one
of the dopant species. A key dopant-related recombination
center is the well-known boron-oxygen related defect.43
However, it has recently been shown that its concentration in
p-type silicon is in fact determined by the net doping,24
rather than the boron concentration, and so even for this
defect, a compensated base should behave precisely as a
noncompensated base with the same net doping, at least in
terms of recombination.
IV. CONCLUSIONS

FIG. 10. The solar cell efficiency, with intrinsic recombination and an interstitial iron concentration of [Fei] ¼ 5  1011 cm3, as a function of the concentration of compensating donor atoms added ND, for three different
acceptor concentrations NA.

Experimental and modeling results confirm that dopant
compensation can lead to a significant increase in the carrier
lifetime in silicon wafers, for both intrinsic processes such as
Auger and radiative recombination, and also for recombination through defects (SRH). In the case of SRH recombination, the increase occurs due to the injection dependence of
the carrier lifetime, which can be caused either by an injection-level effect for deep centers, or a Fermi-level effect for
shallower centers. In cases where there is no injection
dependence of the carrier lifetime, such as interstitial iron in
n-type silicon, compensation does not lead to an improved
carrier lifetime. Modeling has also demonstrated that the
improved lifetimes caused by compensation can translate
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into higher open-circuit voltages, short-circuit currents, and
cell efficiencies, under certain conditions. A positive impact
on device current occurs when the increase in lifetime outweighs the simultaneous reduction in carrier mobility, which
is achieved quite easily, while the device voltage improves
when the lifetime increases more rapidly than the counterbalancing reduction in the net doping. The fill factor is usually
reduced by a combination of injection-dependent lifetimes
and, to a lesser degree, by increased ohmic losses in the
base. In general, for an overall improvement in solar cell
conversion efficiency, the degree of compensation has to be
strong. Nevertheless, the results demonstrate that, in principle, deliberate compensation of low-cost solar-grade silicon
materials, which would otherwise have very low resistivities,
can allow reasonable device performance to be achieved
without expensive additional purification steps.
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