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The degradation of the carrier lifetime in multicrystalline silicon due to the dissolution of metal
precipitates during high temperature annealing is well known. This letter presents evidence
indicating that the presence of phosphorus emitters during annealing can help reduce this
recontamination. Part of the degradation observed is due to increased interstitial iron concentrations
caused by the dissolution of iron precipitates during annealing. However, dissolution of other metals
also seems to contribute to the reduced carrier lifetimes observed. © 2007 American Institute of
Physics. 关DOI: 10.1063/1.2766664兴
Multicrystalline silicon 共mc-Si兲 wafers for solar cells are
known to contain significant quantities of metallic
impurities.1,2 The chemical state and spatial distribution of
these metals in silicon can be influenced by annealing. This
letter examines the role of metal precipitates inherent to
mc-Si and the effects that annealing in the presence or absence of phosphorus emitters has on the electronic properties
of mc-Si wafers.
Thirteen wafers from each of six evenly spaced regions
of a 125⫻ 125 mm2 p-type 1 ⍀ cm 共nominal兲 mc-Si brick
were selected. One wafer from each region was alkaline then
acid etched, before being passivated and set aside as an “asgrown” control. The remaining 12 wafers were alkaline
etched and RCA cleaned before a 30 min double sided phosphorus diffusion resulting in a sheet resistance of 60 ⍀ \ 䊐.
Once the POCl3 diffusion source was turned off, the furnace
was slowly cooled to 600 ° C 共approximately 1 h兲. Samples
were then kept in a N2 ambient at 600 ° C for 5 h. This
extended diffusion tail was designed to allow maximum
gettering of interstitial iron, while minimizing any “drive in”
of the phosphorus diffusion.3,4 Seven wafers from each
section were then stripped of their n+ emitters by acid etch.
All samples then received a double sided plasma enhanced
chemical vapor deposition silicon nitride 共SiN兲 coating,
deposited with a Roth and Rau SiNA reactor. The SiN
film has a refractive index of 2.1 and Si–N bond density of
1.3⫻ 1023 atoms/ cm3.5
Wafers stripped of n+ emitters were then characterized
with area averaged 共⬃600 mm2兲 quasisteady-state photoconductance6 at nine points across each sample 共⌬n = 1
⫻ 1015 cm−3兲. Approximately 31 of the surface area of each
wafer was covered by these measurements. Postgettering effective lifetime 共eff兲 and interstitial iron concentration 关Fei兴
共Refs. 7–9兲 at each section of the brick were determined
from the average of these measurements. Some of the
samples were then “fired” in a rapid thermal processing
共RTP兲 furnace using five conditions: three short anneals
共700, 800, and 900 ° C with 3 s dwell time兲 and two longer
anneals 共800 ° C with 30 s and 300 s dwell time兲. The annealed SiN films were removed by dilute HF. Wafers which
previously retained their emitters were acid etched and all

samples received a fresh SiN to suppress surface recombination. All wafers were then recharacterized.
1 ⍀ cm float zone wafers coated in the same SiN were
also included in the experiment to evaluate possible furnace
contamination. A very minor increase in 关Fei兴 was detected
in these samples 共1 ⫻ 1010 → 5 ⫻ 1010 atoms/ cm3兲 after a
300 s anneal at 800 ° C, reflecting the efficacy of the SiN
film as a diffusion barrier to external contamination. Therefore any significant increases in 关Fei兴 above this level in the
mc-Si wafers after annealing must be due to a contamination
source internal to the wafer.
Figure 1 displays the eff and 关Fei兴 of as-cut and gettered
wafers across the mc-Si brick. Increased eff and reduced
关Fei兴 were observed across all regions of the brick after
gettering. Most of the 关Fei兴 data after gettering in Fig. 1共b兲
are close to the detection limits of this technique
共⬃1010 atoms/ cm3兲 and are a display of the extended diffusion efficacy at gettering fast diffusing impurities.
After “firing,” a significant divergence between the
samples annealed with and without phosphorus emitters
emerges 关see Fig. 2共a兲兴. Many researchers have reported improved eff after annealing SiN coated mc-Si wafers, in the
presence of a phosphorus emitter, as observed in Fig. 2共a兲.
This is due to the passivation of grain boundaries, lattice
defects, and other impurities by SiN induced hydrogenation.10,11 However, the degradation of eff when the wa-

FIG. 1. 共Color online兲 共a兲 Effective lifetime and 共b兲 interstitial iron concentrations as a function of wafer number. Error bars are the standard deviation
of results. Negative error bars approaching zero indicate the detection limit.
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FIG. 3. 共Color online兲 Components of the relative recombination rate for
wafers annealed 共a兲 with and 共b兲 without emitters at 800 ° C for 300 s across
the whole brick.

FIG. 2. 共Color online兲 共a兲 Effective lifetime of samples annealed with and
without emitters at 800 ° C for 3 s across the whole brick. Interstitial iron
concentration of wafers sourced from 共b兲 close to the bottom of the brick
and 共c兲 the middle of the brick after various annealing treatments. The
dotted lines represent the solid solubility limits of iron at the prescribed
annealing temperatures. The error bars represent the standard deviation of
results. Negative error bars approaching zero indicate the detection limit.

fer is annealed with SiN but without a phosphorus emitter
has not previously been observed, though other researchers
have conducted similar experiments.12,13 In the absence of an
emitter, degraded eff were observed for all annealing conditions across all sections of the brick. One of the possible
causes of the reduced eff is investigated in Figs. 2共b兲 and
2共c兲, which examines the 关Fei兴 of wafers taken from close to
the bottom 关共b兲 wafer number 82–91兴 and middle 关共c兲 wafers
number 229–238兴 of the brick.
The 关Fei兴 of as-grown wafers from close to the bottom
and middle of the brick are similar to what has previously
been reported.1,14 After gettering, the 关Fei兴 of both sets of
samples are essentially the same. Wafers sourced from lower
in the brick 关Fig. 2共b兲兴, annealed without their emitters
共striped bars兲, display an increased 关Fei兴 compared to their
gettered values. A clear correlation between increasing 关Fei兴
and increasing thermal budget is found for these samples.
Similar wafers annealed with their emitters 共nonstriped bars兲

at 700 and 800 ° C for 3 s display no increase in 关Fei兴. However, wafers annealed at 900 ° C for 3 s and 800 ° C for
300 s, with and without emitters, produce similar 关Fei兴 results. Wafers sourced from the middle of the brick 关Fig.
2共c兲兴, annealed without an emitter, also exhibit an increased
关Fei兴. However, they show no obvious correlation between
the increased 关Fei兴 and annealing time or temperature. Wafers from the middle of the brick, annealed with their emitters, exhibit a low 关Fei兴 for all annealing conditions.
The most likely cause of the increased 关Fei兴 observed
after annealing is the dissolution of iron precipitates during
the anneal.2 High total Fe concentrations 共including precipitated and interstitial iron兲 have been measured in directionally solidified mc-Si. Profiles of mc-Si bricks reveal that iron
concentrations are higher at the bottom and top of the
ingots.1 Typically, ⬍1% of the iron is in interstitial form, so
the overwhelming majority is in a precipitated state.1 Using
contaminated floating zone material, researchers15 have
shown that ␤-FeSi2 is the preferred precipitate state at temperatures below 900 ° C, and that this precipitate is vulnerable to dissolution at temperatures above 760 ° C. Therefore,
dissolution of ␤-FeSi2 precipitates is the likely source of Fei
we observe in the samples which register an increased 关Fei兴
after annealing, resulting in 关Fei兴 approaching the solubility
limit,16 as shown in Fig. 2共b兲.
This explanation is consistent with our results, as
samples annealed in Fig. 2共b兲 without an emitter at 700 ° C
resulted in the least repoisoning, while higher temperatures
and longer annealing times allowed greater dissolution of
␤-FeSi2 precipitates. The varying contaminant concentration
across the brick 共with a minimum in the middle of the brick兲
also explains why we observe higher 关Fei兴 at lower regions
of the brick after annealing, as this is where the highest concentration of precipitates lies. However, as a uniformly reduced eff was observed across the length of the brick for
wafers annealed without an emitter, and not only in regions
of the brick which contain very high concentrations of Fe
precipitates, other factors must also be behind the degradation observed.
The total recombination rate 共U兲 in a sample is propor−1
, which can be broken into its components:
tional to the eff
−1
−1
−1
−1
eff = FeB + other. FeB
represents the rate of recombination
due to iron-boron 共FeB兲 pairs 共which is the form that Fei
−1
takes before illumination兲. other
represents the rate of recombination due to all other recombination channels. Figure 3
shows these components along the ingot length, for wafers
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annealed with 关Fig. 3共a兲兴 and without 关Fig. 3共b兲兴 emitters at
800 ° C for 300 s. Due to the efficacy of the gettering process
−1
of gettered wafers is
at removing Fei from the wafers, the eff
−1
completely dominated by other. Though these two terms are
−1
has been used in Fig. 3.
the same in gettered wafers, eff
For the wafer from the very bottom of the brick in Fig.
−1
−1
and other
. As expected,
3共a兲, U is evenly split between FeB
−1
in this wafer.
dissolution of Fe precipitates has increased FeB
−1
has also increased. Results from
Interestingly though, other
−1
accounts
the next lowest section of the brick show that FeB
2
for approximately 3 of U in a wafer annealed with an emitter
关Fig. 3共a兲兴. In contrast, for a neighboring wafer annealed
−1
accounts for approxiwithout an emitter 关Fig. 3共b兲兴, other
2
−1
mately 3 of U. In both cases, FeB
is essentially constant.
This indicates that the presence of an emitter during high
−1
,
temperature annealing helps retard the degradation of other
−1
but is unable to stop FeB increasing above the gettered value.
This hypothesis is supported by the remaining results
of Figs. 3共a兲 and 3共b兲. For wafers sourced from the middle
and top of the mc-Si brick, which were annealed with an
−1
does not change from its
emitter, Fig. 3共a兲 shows that other
−1
of wafers annealed
gettered values. In comparison, other
without an emitter 关Fig. 3共b兲兴 have increased substantially
above that of the gettered wafers. In both cases 共annealed
−1
dominates U 共often by an
with or without an emitter兲, other
order of magnitude兲 for all wafers sourced from the middle/
top of the brick. This corresponds well with the low 关Fei兴
displayed in Fig. 2共c兲, for annealed wafers from the middle
of the ingot.
It is interesting to consider what mechanism enables the
phosphorus emitters to reduce degradation of the eff, considering that the annealing times were too short for significant
diffusion of impurities to gettering sites. Two techniques
used in this experiment are known to improve the electronic
properties of mc-Si: SiN induced hydrogenation and phosphorus gettering of metallic impurities.
Researchers have shown that defects at the surface of
silicon wafers, like those caused by phosphorus diffusions,
can improve the dissolution of molecular hydrogen, thereby
improving its bulk passivation capabilities.17 The analysis of
results from an experiment similar to this one,12 supports this
theory. However, we believe that this hypothesis is not applicable to our results due to the high density of SiN film
employed. Recently published work18 shows that hydrogen
released from dense SiN films is in atomic and not molecular
form. Hence, the passivation capability of the SiN used in
this experiment should not have been compromised by the
lack of a phosphorus diffusion during annealing.
Another possible mechanism which might explain the
differences observed between wafers annealed with and
without their emitters is “light enhanced gettering.”19 As
the annealings were performed in an RTP furnace, which
heats the samples predominately by visible radiation, the
diffusion of dissolved metal impurities could be enhanced
by the presence of additional electron-hole pairs.20 However,

the intrinsic carrier concentration of silicon at 800 ° C is
⬃1018 cm−3,21 which is probably much larger than the carrier
concentration generated by the incident light. Therefore, it is
unlikely that light enhanced gettering is the mechanism responsible for our results.
In this letter we have shown that precipitated contaminants, among them possibly ␤-FeSi2, can be dissolved back
into the lattice during annealing. The presence of a phosphorus emitter during annealing, can prevent degradation of
the eff, attributed to the dissolution of Fe and other metal
precipitates, if a moderate to low thermal budget is employed. This is especially important in regions where high
concentrations of precipitates are known to lie. However, the
mechanism by which the phosphorus emitter provides protection is not understood.
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