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Effect of Boron Codoping and Phosphorus
Concentration on Phosphorus Diffusion Gettering
Sieu Pheng Phang and Daniel Macdonald

Abstract—Compared with phosphorus diffusions, conventional
boron diffusions for n-type solar cells are not effective at impurity
gettering without the presence of a boron-rich layer. In this paper,
we investigate the gettering effectiveness of light phosphorus diffusions for removing Fe impurities, applied on an underlying boron
diffusion, similar to the buried emitter concept, as an option for
achieving effective gettering on boron diffused substrates. Our experimental results on monocrystalline silicon samples demonstrate
that the underlying boron diffusion does not affect the gettering
effectiveness of the phosphorus diffusion, even though much of the
phosphorus diffused region is overdoped by the boron diffusion.
Furthermore, we investigate the gettering effectiveness of low surface concentration phosphorus diffusions that can result in reduced
recombination in the n+ region. Our results show that the gettering
effectiveness decreases when the surface phosphorus concentration
is reduced, either through manipulating the deposition gas flows or
through subsequent driving in. Driving in the surface phosphorus
concentration from 2 × 102 0 to 3.5 × 101 9 cm−3 decreased the
gettering effectiveness by about one order of magnitude.
Index Terms—Buried emitter, impurity gettering, phosphorus
diffusion, silicon photovoltaic cells.

I. INTRODUCTION
N the production of n-type silicon solar cells, one of the
disadvantages of boron diffusion for the formation of the
p-n junction is the lack of effective impurity gettering, when
using conventional boron diffusions with in situ thermal oxidation [1]. While effective gettering from boron diffusions can
be achieved in the presence of the boron-rich layer (BRL), the
BRL also prevents effective surface passivation [2], [3], unless
it is oxidized out. The conventional method using in situ thermal
oxidation allows for effective surface passivation, but the gettering effect of the BRL is completely reversed in this case [2].
On the other hand, oxidizing the BRL chemically using boiling
azeotropic nitric acid solution [3], [4] can preserve the gettering
effect, but tradeoffs remain in that the higher surface concentration results in increased recombination in the boron-doped
regions. In addition, thick BRL layers have also been reported
to cause bulk degradation during the cooling down process [5].
In the absence of BRL formation during diffusion, one possible
method for achieving effective gettering with boron diffusions
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may lie in the concept of the buried emitters, where a shallow
phosphorus diffusion is deposited near the surface of deeper
boron diffusion [6], [7]. Although the main motivation for the
buried emitters has been to allow a larger carrier collection area
without compromising the metallization width in rear contact
cell designs [6], or for allowing better surface passivation using
SiNx or SiOx [8], the overlapping phosphorus diffusion can also
be expected to be effective as a gettering layer. Nonetheless,
the gettering effect of the shallow phosphorus diffusion over
the boron diffusion has not been investigated or demonstrated
experimentally.
Furthermore, lighter diffusions with lower dopant concentrations have been shown to be beneficial for reducing emitter recombination [6], but similarly the effect of lowering the surface
phosphorus concentration on gettering has not been investigated
in detail. The complex gettering mechanism of transition metals
by phosphorus diffusion gettering has been reviewed by Myers
et al. [9] to be a combination of Fermi-level effects, dopant
pairing, injection gettering, metal silicide precipitation near SiP
particles, and probable influence of self-interstitial supersaturation on metal silicide precipitation in the bulk of the wafer. It
has also been reported that the phosphorus diffusion gettering
of Co requires both regions of high phosphorus concentration
and growth of the phosphorus silicate glass (PSG) layer, indicating the role of self-interstitials on the gettering effect [10]. The
electrically inactive phosphorus precipitates [11] within the dead
layer have also been suggested as an important gettering site as
well [12], [13]. In recent years, several phosphorus diffusion
gettering models based on the solubility of Fe as a function of
the electrically active phosphorus concentration [14] have been
developed [15]–[17] and demonstrated to have good experimental agreement with standard phosphorus diffusions with surface
concentration above 1 × 1020 cm−3 . However, results from Syre
et al. [18] suggested an alternative mechanism for phosphorus
diffusion gettering. Their results and model suggest that phosphorus does not participate in the gettering reactions directly,
but rather as a source of vacancies to accommodate the growth
of FeOx precipitates. Although it was shown that phosphorus
diffusion is required for effective gettering, the dependence of
the gettering effectiveness on the phosphorus concentration is
unclear. Therefore, there remain some uncertainties regarding
the gettering effectiveness of phosphorus diffusions with relatively low dopant concentrations.
This paper will investigate the effectiveness of phosphorus
diffusion gettering when codoped onto underlying boron diffusions. Furthermore, we will investigate the gettering effect of
lower concentration phosphorus diffusions. Two processes resulting in reduced phosphorus concentrations are tested—first
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by changing the gas flows during the deposition while keeping the temperature profile the same [19], [20], and second by
driving in the phosphorus diffusion thermally.
II. METHODS
Iron was used as a model metal impurity in this experiment,
due to the good sensitivity to bulk interstitial iron concentration
[Fei ] afforded for the Fe–B pair breaking method [21]. Fe gettering effectiveness was measured on 300-μm-thick 0.8-Ω·cm
p-type FZ silicon wafers that were ion implanted with 70-keV
56
Fe to a target volume dose of 1 × 1013 cm−3 Fe, while the
samples for sheet resistance and electrochemical capacitance–
voltage (ECV) measurements were high resistivity (≈100 Ω·cm)
samples of n-type doping for boron diffusions and p-type doping for phosphorus diffusions. Sample preparation methods and
conditions for ion implantation are the same as in previous
works [1], [22]. Similar to [1], the [Fei ] was measured for
all samples before gettering and has an average value of 8 ×
1012 cm−3 . Our previous work [1] showed that there are no significant differences in the gettering effectiveness between the
two samples (high dose and low dose) processed simultaneously; therefore, one sample is used for each process conditions
in this experiment.
In the first part of the experiment, phosphorus diffusions with
various surface concentrations were diffused onto both samples
with boron diffusions and onto undiffused control samples. The
boron diffusions were the same for all phosphorus diffusions
used. Furthermore, both phosphorus and boron diffusions used
in this experiment are double sided. As shown in Fig. 1(a), in
order to achieve a boron diffusion with minimal surface depletion and also negligible gettering effect, a two-step process was
used for the boron diffusion. The samples were deposited with
boron using BBr3 as a liquid source for 55 min at 940 ◦ C. The
boron diffused samples were then ramped down in O2 to oxidize the BRL and negate the gettering effect [2], and then, the
samples were annealed in N2 for 10 min at the diffusion temperature to replenish the surface concentration after deglazing
the boron silicate glass in 5% HF solution. The resultant boron
diffusion was much heavier compared with the phosphorus diffusions considered, with a sheet resistance of around 50 Ω/ and
surface concentration of 9.0 × 1019 cm−3 after anneal. The surface concentration of the phosphorus diffusions was altered by
changing the gas flow ratios of the N2 carrier gas for the POCl3
bubbler (N2 -POCl3 ) and O2 [19], [20] as listed in Table I. The
temperature profile of all the phosphorus diffusion processes
was kept constant and was 90 min at 800 ◦ C with a subsequent
cooling down to 700 ◦ C over 13 min. This provided a range of
surface concentrations from 2 × 1019 to 3 × 1020 cm−3 , in the
absence of the underlying boron diffusion
In the second part of this paper, the effect of a hightemperature drive-in on phosphorus diffusion gettering was investigated by annealing the “130 O2 ” phosphorus diffused samples (see Table I and Fig. 1(b) for details) at temperatures ranging
from 825 to 1050 ◦ C, after etching off the PSG. The phosphorus diffusions for this second part were performed on samples
without underlying boron diffusions. The drive-in time was kept

Fig. 1. Process chart for gettering processes used (a) for phosphorus diffusion with various surface concentrations on underlying boron diffusions and
undiffused controls and (b) for phosphorus diffusion driven in at temperatures
between 825 ◦ C to 1050 ◦ C.

constant at 30 min of oxidation followed by 30 min of N2 anneal for all the temperatures employed, and all samples were
annealed at 700 ◦ C for 30 min after the drive-in. The diffusion
length of interstitial Fe for the 30-min anneal at 700 ◦ C is more
than 245 μm [23], allowing the interstitial Fe to redistribute
according to the segregation coefficient at 700 ◦ C, especially
considering that the phosphorus diffusion is on both sides. This
allows the effect of the phosphorus profile itself on gettering to
be studied, independently of the effect of the different segregation coefficient for Fe at the various drive-in temperatures.
To measure the amount of Fe remaining in the bulk after the
various diffusion steps, all samples were chemically etched by
about 10 μm to remove the diffused regions and subsequently
passivated using plasma-enhanced chemical vapor deposition
SiNx . The effective lifetime measured on control samples that
were not diffused or implanted was more than 1 ms. Therefore, the lifetime measured on the samples can be considered
to be bulk dominated, except for the samples with very effective gettering. However, even in these cases, bulk interstitial Fe
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TABLE I
GAS FLOW SETTINGS USED FOR PHOSPHORUS DIFFUSIONS

concentrations ([Fei ]) before and after gettering were measured using the Fe–B pair breaking method [21], and therefore, the effects of surface recombination before and after
pair breaking are effectively subtracted out. Quasi-steady-statephotoconductance-based lifetime measurements [24] taken at
an excess carrier density of 1 × 1015 cm−3 and captured crosssectional values from [23] and [25] were used for the results presented. The sheet resistances of the diffusions were measured
using a four-point probe, while the profiles of the diffusions
were measured using ECV profiling with a CVP21 apparatus by
WEP.
A simple model of phosphorus diffusion gettering based on
segregation gettering was used for comparison with the experiment results. The segregation coefficient is assumed to be
mainly due to the enhanced solubility of Fe in the heavily doped
regions [14]. The model was implemented based on the algorithm and physical principles outlined by Hieslmair et al. [26].
The segregation coefficients of Fe in phosphorus-doped regions
from [15] and [17] were used in the model, but the precipitation
model from [17] was not included because FZ samples were
used in our experiment. For the first part of the experiment.
only the cooling down phase from 800 to 700 ◦ C is considered in the simulation, and the distribution of Fe at the start
of the simulation was assumed to have been distributed based
on the segregation coefficient of the heavily doped regions at
800 ◦ C, since the diffusion length of Fe at 800 ◦ C for 90 min was
620 μm, much greater than the sample thickness. The phosphorus concentration profiles from the ECV measurements were
used for the modeling, and assumed to be unchanged during the
cooling down. For the second part of the experiment, only the
segregation coefficient at 700 ◦ C is considered in the model,
since the 700 ◦ C anneal should allow Fe to fully redistribute
according to the segregation limit, without being diffusion limited. The reduced diffusivity of Fe within the heavily doped
region [15] is assumed to not be a limiting factor either, since
the diffusion length of Fe for the most heavily doped region
remains above 1 μm, even after considering the minimum possible effective diffusivity as D/kseg , where D is the diffusivity
of Fe and kseg is the segregation coefficient. Furthermore, the
phosphorus doping profile is assumed to not change significantly during the 700 ◦ C anneal, considering that the diffusion length during the oxidation and N2 anneal would be much
higher in comparison. This is supported by the simulation of

Harkonen et al. for low-temperature annealing at 700 ◦ C for
14 h [27].
III. RESULTS AND DISCUSSION
In the analysis of our results, we have assumed that there is no
significant bulk precipitation, and the decrease in the measured
interstitial Fe concentration is due to segregation to the heavily
doped regions near the surface. While it has been suggested that
the nonequilibrium injection of self-interstitials or vacancies
during dopant diffusions may promote or impede the precipitation of Fe within the bulk of the wafer [9], we are unaware of any
experimental reports of the associated gettering effect. The effectiveness of the gettering processes is evaluated as the fraction
of [Fei ] remaining after gettering compared with [Fei ] before
gettering. In other words, the gettering process is more effective
if the fraction of [Fei ] remaining after gettering is lower. After
the boron deposition and the subsequent anneal, no BRL was
detected on the samples and more than 50% of the interstitial
Fe remained in the bulk of the sample, as shown in the left-most
column in Fig. 2. The effect of the boron diffusion gettering is
greater than our previous results with air quenching, where more
than 90% of the interstitial Fe remained ungettered [1], because
the boron diffusion is ramped down to 700 ◦ C before unloading
in this experiment. The lower temperature allows better segregation to the boron-doped region [28]. Nonetheless, the effect of
the boron diffusion gettering is much less compared with phosphorus diffusion gettering, except for the case of “520 O2 ”and
“260 O2 ” where the phosphorus diffusion gettering is not effective, due to the low phosphorus concentrations.
Fig. 2 also shows that the phosphorus diffusion can be effective at gettering Fe, regardless of the presence of underlying
boron diffusions and compensation of the phosphorus dopants.
This confirms that a light shallow phosphorus diffusion applied
on a heavier boron diffusion can be used for effective gettering
as well. Even a relatively light phosphorus diffusion of 140 Ω/
(130 sccm O2 ) was sufficient to getter more than 99.7% of the
interstitial Fe, especially when the samples were cooled down
to 700 ◦ C before unloading. The diffusion length of Fe is more
than 190 μm during the cooling down from 800 ◦ C; thus, a significant amount of interstitial Fe can be gettered from the bulk.
It should be noted that Fig. 3 indicates that less than 50 nm of the
underlying boron diffusion was converted to net n-type doping
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Fig. 2. Fraction of [Fei ] remaining after phosphorus diffusions with different
gas flow rates, on samples with underlying boron diffusions (B + P) and samples
without boron diffusions (P only). Gettering effectiveness from a simple model
based on segregation gettering of phosphorus diffusion is included. Simulated
results using the segregation coefficients from both [15] and [17] are shown.
The error bars for 130O2 and 65O2 extend below the x-axis and show that the
remaining [Fei ] are approaching the detection limit of the method.

for all the phosphorus diffusions considered. In comparison, the
boron diffusion depth is more than 500 nm. Since the gettering
effect is expected to be concentrated in the high-concentration
regions [18], it is expected that the underlying boron diffusion
would not have a significant effect on the phosphorus diffusion
gettering effect, when the phosphorus concentration is higher
than the boron concentration, such as near the surface for phosphorus diffusion with 65 sccm O2 and 130 sccm O2 .
The ECV profiles in Fig. 3(a) show that the junction depths
are similar for the four heavier phosphorus diffusions (65 sccm
to 260 sccm O2 ), with the main difference being the phosphorus concentration within 40 nm from the surface. The strong
dependence of gettering effectiveness on the phosphorus concentration can be seen in both the experimental and model results. The effectiveness of phosphorus diffusion gettering was
decreased significantly when the maximum concentration was
reduced below 1 × 1020 cm−3 . Compared with the boron profile in Fig. 3(a), the boron profiles in Fig. 3(b) were driven in
further and were deeper after the phosphorus diffusion. The
drive-in is further enhanced by the well-known emitter push
effect [29]–[31]. Combined with the partial compensation by
the phosphorus diffusion, heavier phosphorus diffusion lead to
lower hole concentration, as shown in Fig. 3(b).
Figs. 2 and 3(b) also show that effective phosphorus diffusion gettering coincides with the presence of net n-type doping
on the surface. Although the segregation coefficient within the
phosphorus-doped region is commonly considered in gettering
models to be dependent on the electron concentration [15], [17]
and hence on the net doping type as well, the requirement that
there must be net n-type doping is unclear in our experiment results. This is because the effectiveness of phosphorus diffusion
gettering is comparable with or without the underlying boron

Fig. 3. ECV profiles of phosphorus diffusions with different gas flow rates (a)
without and (b) with underlying boron diffusions. ECV profile of the underlying
boron diffusion used is included for comparison in (a). The sheet resistances
of the diffusion conditions are also included in brackets in (a) with units of
Ω/. Due to the non-uniform etch rate during the n-type to p-type transition,
the measurement uncertainty is significantly larger for (b) around the transition
region. Nonetheless, the ECV measurements in (b) are presented as a qualitative
comparison between the different deposition conditions and to show the presence
of the net n-type surface doping.

diffusion, as shown in Fig. 2. Therefore, the decrease in phosphorus gettering effectiveness as the O2 flow is increased can be
fully explained by the change in the diffusion conditions, and the
changeover to net p-type doping when the gettering effectiveness decreases significantly may just be a coincidence because
the surface concentration of boron is close to 1 × 1020 cm−3 as
well. Nevertheless, it should be emphasized that, regarding this
point, our results can neither confirm nor disprove the requirement of net n-type doping for effective phosphorus diffusion
gettering.
Both segregation models in Fig. 2 show a similar trend and
are qualitatively in agreement with the experiment results, although there are some significant differences in magnitudes.
The segregation model from [17] underestimates the gettering
effectiveness for the heavier phosphorus diffusion. Conversely,
the segregation model from [15] overestimates the gettering
effectiveness for lighter phosphorus diffusion. Even when the
same phosphorus doping and temperature profiles are used, the
simulated results from the two phosphorus segregation gettering
models [15], [17] differ significantly in this case, highlighting
the dependence of the parameters of the segregation coefficient
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Fig. 4. Fraction of [Fei ] remaining on phosphorus diffusions after driving in
(DI) at different temperatures. The base diffusion was done with 130 sccm O2
and is included as “130O2 : no DI.” The PSG was deglazed in HF before the
subsequent drive in. All samples were annealed at 700 ◦ C for 30 min before
unloading. Gettering effectiveness from a simple model based on segregation
gettering of phosphorus diffusion is included. Simulated results using the segregation coefficients from both [15] and [17] are shown.

Fig. 5. ECV profiles of phosphorus diffusions after driving in (DI) at different
temperatures. Phosphorus diffusion with 130 sccm O2 was used as the base
diffusion for all the drive in temperatures. The sheet resistances after various
drive in conditions are included in brackets. The ECV profile of 260 sccm O2
with 30 min 700 ◦ C anneal is included for comparison.

on the phosphorus diffusion systems and the gettering mechanisms [15]–[17]. Although it may be possible to achieve a
closer match between simulation and our results by adjusting
the parameters of the segregation coefficient, it is not the aim of
this paper to publish new values for the segregation coefficient,
because of the limited range of temperature between 700 and
800 ◦ C available to fit the values.
Figs. 4 and 5 show that driving in the phosphorus diffusion
decreases the phosphorus concentrations and partially reverses
the gettering effectiveness. Due to the higher diffusivity of phosphorus in the heavily doped region before the “kink” [32], even
a drive-in at 825 ◦ C can cause the surface phosphorus concentration to be decreased significantly from 2 × 1020 to 3.5 ×
1019 cm−3 , and the gettering effectiveness to decrease by one
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order of magnitude from less than 0.3% Fe remaining to more
than 3% Fe remaining. Drive-ins performed at higher temperatures decrease both the phosphorus concentrations and the gettering effectiveness further. Based on the segregation model,
the observed reduction in gettering effectiveness as the diffusion
profile is driven-in can be explained by the nonlinear dependence
of the segregation coefficient on the electrically active phosphorus concentration. Under extrinsic doping conditions, the
segregation coefficient has an approximately quadratic [15] or
cubic [17] dependence on the phosphorus concentration. Therefore, although the total dose of the diffusion does not change
much during drive-in, the gettering effectiveness is decreased
as the phosphorus dopants are spread over a larger depth. However, the gettering effectiveness stabilizes at between 1% and
5% Fe remaining, even for a 1050 ◦ C drive-in, which decreased
the surface phosphorus concentration to below 1 × 1019 cm−3 ,
which is better than expected from the segregation models.
It is also interesting to compare the results of “130 O2 ” with
825 ◦ C drive-in, and “260 O2 ” without drive-in, which are included in Figs. 4 and 5. Although both of the diffusions have
similar diffusion profiles obtained through different processes,
the gettering effectiveness are significantly different. It should
be noted that the samples for this “260 O2 ” diffusion were
also annealed at 700 ◦ C for 30 min after the phosphorus diffusion; therefore, the segregation coefficient in both cases would
be effectively determined at the temperature of 700 ◦ C. This
difference in gettering effectiveness suggests that phosphorus
diffusion gettering may be dependent on the process history, in
addition to the final cooling down or annealing step, even in
monocrystalline FZ silicon wafers. An alternative explanation
for the difference in gettering effectiveness can be found in the
role of electrically inactive phosphorus clusters [11]–[13] or
SiO2 precipitates [18] that may not have been dissociated completely during the annealing. It is also possible that a portion of
the gettered Fe is trapped at the PSG/Si interface, as has been
reported for the gettering of Ni by phosphorus diffusion [9] and
of Fe by boron diffusion [33]. If this is the case, the Fe may be
removed when the PSG was deglazed, hence reducing the total
Fe dose that can be driven back into the bulk.
IV. CONCLUSION
Our experimental results have shown that light phosphorus
diffusions can be very effective at gettering interstitial iron, even
if there is an underlying heavy boron diffusion, which overdopes the phosphorus diffusion, except at the very near-surface
region. Even a light phosphorus diffusion with sheet resistance
of 140 Ω/ (130 sccm O2 ) can be very effective and getter
more than 99.7% of the interstitial Fe. This could be an effective gettering option for boron diffusions in n-type solar cells,
if retention of the BRL after boron diffusion is to be avoided,
as is required for high-quality surface passivation. However,
both the segregation model and the experimental results show
that phosphorus diffusions with surface concentrations below
1 × 1020 cm−3 are significantly less effective for phosphorus
diffusion gettering. In general, decreasing the phosphorus concentration would result in poorer gettering effectiveness, with
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less than 50% of the interstitial Fe gettered when the surface
concentration is decreased to 5 × 1019 cm−3 during deposition.
Driving in the phosphorus diffusion has a similar effect, leading to a decrease in the gettering effectiveness. Therefore, any
subsequent high-temperature processes that could drive in the
phosphorus diffusion, and partly reverse the gettering, should
be taken into consideration, if gettering is required. This should
be considered together with the fact that lower phosphorus concentrations can reduce the recombination in the n+ region.
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