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Effective hydrogenation of interstitial iron in boron-doped multicrystalline silicon wafers is reported.
The multicrystalline silicon wafers were annealed with plasma-enhanced chemical vapour deposited
silicon nitride films, at temperatures of 400  C – 900  C and for times from minutes to hours. At low
temperatures where a combined effect of hydrogenation and precipitation of dissolved Fe is expected,
results show that the hydrogenation process dominates the effect of precipitation. The concentrations
of dissolved interstitial iron reduce by more than 90% after a 30-min anneal at temperatures between
600 and 900  C. The most effective reduction occurs at 700  C, where 99% of the initial dissolved
iron is hydrogenated after 30 min. The results show that the observed reductions in interstitial Fe concentrations are not caused by the internal gettering of Fe at structural defects or by an enhanced diffusivity of Fe due to the presence of hydrogen. The hydrogenation process is conjectured to be the
pairing of positively charged iron with negatively charged hydrogen, forming less recombination
C 2014 AIP Publishing LLC.
active Fe-H complexes in silicon. V
[http://dx.doi.org/10.1063/1.4901831]

I. INTRODUCTION

Iron (Fe) is a common contaminant in silicon, especially
prevalent in multicrystalline silicon (mc-Si) materials.1–3 Iron
significantly degrades the silicon material quality by acting as
deep-level recombination centres, leading to reduced minority
carrier lifetime and solar cell efficiency.1,4 Mitigating the detrimental effect of Fe in silicon is therefore of great interest.
External gettering of Fe during a phosphorous diffusion step
at high temperatures is the most common and effective
method used in the photovoltaic industry.5 The efficacy of
this external gettering process can be further improved by a
follow-up anneal at lower temperatures for extended hours,
taking advantage of the increased segregation ratio between
the gettering layer and the wafer bulk.6–8 The process of
external gettering moves the dissolved Fe atoms from the silicon bulk to the diffused regions on the wafer surfaces, achieving a reduction of the dissolved Fe concentration in the bulk
by 1–2 orders of magnitude or more.5,9 Internal gettering of
Fe by the structural defects in mc-Si has also been shown to
cause a reduction of the dissolved Fe concentration by 1–2
orders of magnitude.10 This process, however, is generally
slower, as it requires low to moderate temperatures to reduce
the Fe solubility limit enough to drive precipitation, and the
Fe diffusivity at such temperatures becomes one of the limiting factors.10 To achieve very thorough removal of the dissolved iron atoms, both external and internal gettering
processes require long hours.
The benefit of hydrogen for silicon materials has been
widely recognised. Hydrogen is known to passivate a wide
range of defects and impurities in silicon, including vacancies,
extended defects, shallow dopants, non-metallic and metallic
impurities.11,12 Several authors reported a reduction of the
electrical activity and concentration of iron point defects after
the incorporation of atomic hydrogen into the silicon
0021-8979/2014/116(19)/194902/10/$30.00

bulk.13–18 Studies using deep-level transient spectroscopy
(DLTS) shows that the peaks of iron-related energy levels disappear or reduce after either hydrogen plasma exposure14 or
hydrogen ion implantation.13 The concentrations of dissolved
interstitial iron are found to decrease after hydrogen incorporation, either via firing of hydrogen-containing silicon nitride
films15–17 or exposure to a hydrogen plasma.18 The exact
mechanism for this phenomenon, however, remains unclear.
While some attribute it to the hydrogen passivation of
iron,13–17 others believe it to be the gettering of metals by
hydrogen-enhanced metal diffusivity.18,19 In either case, the
presence of hydrogen provides an additional method for
reducing the harmful impact of dissolved Fe in silicon. In
addition, the process has the potential to be more time efficient than the external or internal gettering processes, due to
the high diffusivity of hydrogen in silicon.20
In this paper, we aim to study the mechanism for the
reduced interstitial iron concentration after hydrogen incorporation into multicrystalline silicon. Atomic hydrogen is
introduced into the mc-Si bulk via annealing the wafers with
plasma-enhanced chemical vapour deposited (PECVD) silicon nitride (SiNx) films, which is a common solar cell fabrication step for the firing of metal contacts. In this study,
annealing was carried out for a range of temperatures from
400  C to 900  C and for times from 3 min to 5 h. To distinguish the effect of hydrogen from coincident temperaturedriven effects, such as precipitation at structural defects,
sister mc-Si wafers are subject to the same annealing steps in
the absence of atomic hydrogen. A recent study by Hallam
et al.21 has shown that the possible hydrogenation of boronoxygen defects depends on the presence of light-generated
excess carriers, which is thought to change the charge states
of hydrogen. In this paper, we also study the effect of illumination on the hydrogenation of iron through simulation
and experiments. The minority carrier lifetime and the
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concentration of interstitial Fe atoms are measured by the
calibrated photoluminescence (PL) imaging technique.22–24
This also enables the examination of the changes in the spatial distributions on high resolution lifetime and Fe images
before and after different anneals, providing further insights
into the hydrogenation mechanism.
II. EXPERIMENT

The multicrystalline silicon wafers were sourced from a
commercially grown boron-doped directionally solidified ingot. Sister wafers located at 29% from the bottom of the ingot were chosen for this study, with a resistivity of around
1.4 X cm. The 12.5  12.5 cm2 wafers were diced into
smaller pieces of 4.15  4.15 cm2 in size for ease of processing. The mc-Si wafers have an average grain size of 17 mm2
with a standard deviation of 50 mm2, as a result of a large
variation in grain sizes. The samples were then chemically
polished, resulting in final thicknesses in the range of
280–300 lm. Float-zone (FZ) boron-doped silicon wafers of
1.7 X cm and 240 lm thickness were also included and were
subjected to the same processing steps, in order to monitor
surface passivation and possible process contamination.
Some of the wafers were cleaned and passivated by silicon nitride (SiNx) films using PECVD. Although the set temperature for the PECVD reactor is 450  C, the actual
temperature on the samples during the deposition process, as
measured by an infrared sensor, is about 250  C. The deposited SiNx films are 80 nm thick. Some of the samples were
then annealed at 400  C in a quartz tube furnace in a nitrogen
ambient for various cumulative times. Some degradation of
the SiNx films was observed after the 400  C anneals on the
FZ samples. However, the minority carrier lifetime due to surface recombination remained much higher than the lifetime of
the mc-Si wafers, which are limited by the bulk defects.
Hence, surface degradation does not affect the measured effective lifetime and interstitial Fe concentrations. Re-coating of
the SiNx films was therefore not required for the samples
annealed at 400  C. Some of the other SiNx coated samples
were annealed in a rapid thermal processor (RTP), whose heating functionality comes from pulsing infrared lamps. This represents the case of annealing under illumination.
Further samples were prepared for studies at higher
annealing temperatures of 600–900  C. To distinguish the
influence of hydrogen from temperature-induced effects, two
sets of wafers underwent the same thermal annealing steps—
one with the hydrogen source present via SiNx films, and the
other without hydrogen, with thermally grown silicon oxide
(SiO2) layers providing surface passivation. The two sets are
pairs of sister wafers. To ensure the same thermal history,
both sets of the wafers were cleaned and annealed in dry oxygen at 1000  C for 1 h, followed by an anneal in nitrogen
for 30 min, before being cooled down to 750  C at 10  C/min
and then left in a high air flow to cool to room temperature
within minutes. This results in the growth of SiO2 layers as
surface passivation. The high temperature process also
homogenises the distributions of interstitial Fe across the
mc-Si wafers. One set of the wafers were then dipped in
dilute HF solution to remove the SiO2 layers and were re-
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passivated using PECVD SiNx films. Each pair of the SiO2
and SiNx passivated samples was annealed for the same temperature and time. Short anneals of minutes were performed
in an RTP (at these higher temperatures, the presence or not
of illumination during annealing is not expected to have any
impact, as described below), while long anneals were conducted in a quartz tube furnace. The SiNx passivated samples
were annealed in nitrogen, while the SiO2 samples were
annealed in forming gas in order to maintain the surface passivation effect. The forming gas used in this study consists of
95% argon and 5% hydrogen molecules. The presence of
hydrogen, however, has little bulk hydrogenation effect, as
the hydrogen is trapped by the defective Si-SiO2 layers,
which act as diffusion barriers for H2 into the bulk.25–27 This
is confirmed by the results shown in this study, where little
change in carrier lifetime and recombination activity of
defects is found after annealing SiO2 passivated mc-Si samples in the forming gas. The SiNx coated samples experienced severe surface degradation after annealing at
temperatures of 600–900  C. Therefore, after each annealing
step, the degraded SiNx films were stripped off in dilute HF
solution, and the samples were cleaned and re-passivated
with fresh SiNx films, in order to measure the bulk lifetime
and Fe concentrations.
The minority carrier lifetime, interstitial Fe concentration ([Fei]) and resistivity were measured after each processing step. Resistivity was determined from dark conductance
data measured using a quasi-steady-state photoconductance
(QSSPC) tester28 from Sinton Instruments. Spatial distributions of lifetimes and Fei concentrations were obtained by
using a PL imaging system22 from BT imaging. The carrier
lifetimes from PL images were calculated by calibrating via
an in-built QSSPC tester, using the method described in Ref.
23 to account for the inhomogeneity in mc-Si wafers.
Calculation of the Fei concentration is based on the wellestablished method of monitoring the changes in minority
carrier lifetimes before and after the dissociation of the Fe-B
pairs via strong illumination.24,29,30 The pixel size of the PL
images is about 23 lm, although the actual resolution is
largely limited by the carrier diffusion length. Most of the
samples have low carrier lifetimes of a few microseconds,
and thus the effect of carrier diffusion smearing on the resulting [Fei] images is small.31 A point spread function was
applied to de-convolute image smearing caused by the lateral
photon scattering within the Si-CCD camera.32
III. RESULTS
A. Hydrogen passivation of iron
1. Hydrogenation of iron during PECVD deposition

Fig. 1 shows a comparison of the average interstitial Fe
concentrations of the same wafers in two states—after oxidation at 1000  C, and after stripping off the SiO2 layers followed by surface passivation using PECVD SiNx. All of the
tested wafers show reductions in the Fei concentrations,
ranging from 10% to 30% after the PECVD surface passivation. The two different passivation methods result in different surface recombination lifetimes. However, the surface
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FIG. 1. Average interstitial Fe concentrations of the same wafers before
(blue) and after (red) the PECVD SiNx deposition.

recombination lifetime of either of the methods is still orders
of magnitude higher than the lifetime due to bulk defects,
resulting in similar measured effective carrier lifetimes of
the mc-Si samples. In any case, the effect of surface passivation is cancelled out in the [Fei] calculation. The differences
in the Fei concentrations before and after PECVD are therefore not caused by the different passivation films, but reflect
a real physical phenomenon. This was also observed previously5 for FZ-Si wafers of known implanted Fe concentrations, which show slight reductions of [Fei] after repetitive
PECVD SiNx depositions. Herzog et al.33 reported improved
bulk lifetime after the PECVD SiNx depositions. The
reduced interstitial Fe concentrations after PECVD as shown
in Fig. 1 are therefore likely due to the hydrogenation of
interstitial Fe during the PECVD processes.
The temperature of the samples during the PECVD depositions was monitored by an infrared sensor. In this experiment, the maximum temperature on the wafers during
PECVD is about 250  C, and the samples were kept at this
temperature for only a few minutes for the deposition process, after which the samples were cooled down to 150  C in
half an hour before being removed from the reactor chamber.
In comparison with the results of the 400  C anneals in the
latter part of this paper, and also those in literature,18,34 this
reduction in [Fei] seems large for this deposition temperature
and time. However, the deposition process consists of various complex reactions, including the presence of a plasma
containing hydrogen and hence is not directly comparable to
the process of annealing SiNx films.

J. Appl. Phys. 116, 194902 (2014)

The hydrogenation of Fe may be due to the reaction of
positively charged Fe and negatively charged H, forming stable and less recombination active Fe-H complexes. Other
processes are also possible, such as the interaction between
neutrally charged Fe and H. In this study, we consider the
conjecture of positive Fe and negative H. The percentage of
Feþ out of the total isolated interstitial Fe, and the percentage of H out of the total monatomic H, are simulated and
shown in Fig. 2, as a function of temperature and excess carrier injection. The calculation considers the effect of band
gap narrowing with temperature,39 and assumes constant
capture cross sections and constant distances between defect
energy levels and the valence band, due to a lack of
temperature-dependent data in the literature. As shown in
Fig. 2, for a moderate injection level below 1016 cm3, the
effect of illumination on the percentages of charged species
becomes negligible for temperatures higher than 400  C, as
the intrinsic carrier concentration becomes much higher than
the excess carrier concentration. Hence, this is also true for
the percentages of Ho and Hþ.
Fig. 2 also shows that at temperatures above 400  C, the
fractions of both species increase with temperature. Note
that the exact magnitude of the simulated fractions becomes
increasingly inaccurate at higher temperatures, due to limited

2. Effect of illumination

The fractions of the different charge states of interstitial
iron (Feþ and Feo) and hydrogen (Hþ, H, and Ho) under
steady state can be estimated from their energy levels and
capture cross sections, by using Shockley-Read-Hall (SRH)
statistics.35,36 Details of the model as applied to the case of
hydrogen passivation in silicon can be found in Ref. 37 and
in the upcoming publication by Sun et al.38

FIG. 2. Estimation of the percentage of the total isolated interstitial Fe concentration present in the positive charge state (Feþ) (top); percentage of
hydrogen present in the negative charge state (H) (bottom).
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data in the literature on the temperature-dependent parameters. However, the increasing trends of the fractions are as
expected from the increasingly symmetrical carrier distributions across the band gap as the temperature increases. As
the fractions of Feþ and H increase with temperature, i.e.,
increasing concentrations of both reactants are available, and
given that the reaction rate constant also increases with temperature as described by Arrhenius’ equation, the reaction
rate of Feþ and H pairing should also increase from 400 to
900  C. It should be noted however that the reverse reaction
(dehydrogenation) will, for the same reason, proceed with an
increasing rate as the temperature increases, and at some
point may come to dominate the forward reaction, leading to
a net dehydrogenation effect.
To test the possible impact of illumination on the experiments presented here, SiNx coated wafers were annealed at
400  C for cumulative time durations, one in an RTP which
provides illumination during annealing, and one in a dark
quartz tube furnace. Degradation of the SiNx films is more
severe under strong flashing of the RTP, which was also
observed in Ref. 17. The carrier lifetime due to surface
recombination, as measured on the high quality FZ-Si samples, dropped from 1.7 ms to 80 ls after 50 min cumulative
annealing in the RTP; while the surface lifetime for furnace
annealed samples dropped to 110 ls after 5.5 h. Note that the
surface lifetime is still at least one order of magnitude higher
than the effective lifetime of the mc-Si samples, and thus the
sensitivity of the [Fei] measurement was maintained. As a
result of the different degradation rate, the RTP annealed
sample could not reach a cumulative annealing time as long
as the furnace annealed sample. As shown in Fig. 3, both of
the mc-Si wafers experienced reductions in the interstitial Fe
concentrations after annealing, and the concentrations follow
an exponential decay curve. The exponential reduction time
constants of the two wafers are found to be similar—170 min
for the illuminated sample and 200 min for the sample
annealed in the dark. The main mechanism that drives the
reductions in Fei concentrations during the 400  C anneals is

FIG. 3. Interstitial Fe concentration with respect to the cumulative annealing
time for two wafers annealed at 400  C with SiNx films, one annealed under
illumination (RTP), and one in the dark (quartz tube furnace).
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therefore not affected by this illumination, confirming the
charge state simulations shown above. Unfortunately, precise
illumination intensities during RTP are not known, but it is
likely that the carrier injection levels remain below
1016 cm3.
The presence of atomic hydrogen is identified as the crucial element for the observed [Fei] reductions. In our previous work,10 mc-Si wafers from the same part of this ingot
were also annealed at 400  C in dark, one with SiO2 (i.e., no
hydrogen source) and one with Al2O3 (i.e., with hydrogen
source) passivation layers. The SiO2 passivated wafer
resulted in a [Fei] reduction time constant of 1200 min, while
the one with Al2O3 films gave a time constant of 210 min. In
Ref. 34, a SiNx coated mc-Si wafer annealed at 400  C shows
a [Fei] reduction time constant of 100 min. In Ref. 18, atomic
hydrogen was introduced into the silicon bulk by subjecting
mc-Si wafers to a hydrogen plasma at 400  C. From the
changes in [Fei] after the hydrogen plasma step, the average
reduction time constant is estimated to be 280 6 85 min. All
of the reported [Fei] reduction time constants for mc-Si
wafers annealed at 400  C with the presence of atomic
hydrogen sources, either from Al2O3 films,10 SiNx films,34 or
hydrogen plasma,18 are comparable with our findings here
(Fig. 3). This confirms the effect of hydrogen on the
observed [Fei]. Since the reduction time constants of 170 min
and 200 min for the SiNx annealed samples are much smaller
than the 1200 min measured on wafers with no hydrogen
source, the trends presented in Fig. 3 are therefore dominated
by the hydrogen effect.
3. Effect of temperature

Fig. 4 presents the average interstitial Fe concentrations
of wafers before and after different annealing steps, for a
range of temperatures from 400  C to 900  C, and for two
sets of samples—one with SiO2 and one with SiNx passivation layers, that is, without and with the hydrogen source
during annealing. Different changes in the Fei concentrations
can be observed between the two sets. For the SiO2 samples,
after annealing at 400–700  C, some reductions in the Fei
concentrations are observed, due to Fe precipitation;10 while
at 800–900  C, the [Fei] of the SiO2 set remains almost
unchanged within the error bars after anneals of 3 min and
30 min, and an increase in [Fei] is seen after annealing at
900  C for 5 h, as a result of the dissolution of Fe precipitates.40 This behaviour is consistent with the solubility-limit
driven precipitation and dissolution of Fe which has been
observed before and in our own recent study on the same material.10 That is, the changes in [Fei] of the SiO2 samples
demonstrate the effect of temperature. On the other hand, the
SiNx coated wafers, which were subjected to the same thermal anneals, consistently show much greater reductions in
the Fei concentrations, for the entire temperature range of
400–900  C.
The Fe images of the SiNx coated wafers annealed at
various temperatures all show that the reductions of [Fei]
occur homogeneously across the wafer. An example can be
seen in Figs. 5(k)–5(n) for a sample annealed at 700  C. Note
that the PL and Fe images of the SiNx sample after 30 min
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FIG. 4. Interstitial Fe concentrations across wafers with SiO2 passivation
(no hydrogen source) and wafers with SiNx films (with hydrogen source) in
the pre-annealed state, after annealing for short time (3 min for those at
400–800  C and 140 s at 900  C), after annealing for 30 min, and after 5 h
(only for the 400  C, 700  C, and 900  C anneals). Note that the comparisons
of the SiO2 and SiNx passivated wafers are made on sister wafers, except for
the pair annealed at 400  C.

J. Appl. Phys. 116, 194902 (2014)

annealing are more smeared out than the rest, because of a
large increase in the carrier diffusion length. The homogeneous [Fei] reduction is different from the effect of Fe precipitation, either during ingot cooling31 or during annealing,10
where the denuded zones of reduced [Fei] near grain boundaries can be clearly seen on the Fe images.10,31 The SiO2 sister
wafers show the appearance of such denuded zones near
some of the grain boundaries after annealing (although not
so clear on logarithmically scaled Fe images). This is an
additional proof that the greater reductions in [Fei] of the
SiNx coated wafers are not caused by the accelerated gettering of Fe by the grain boundaries due to hydrogen-enhanced
Fe diffusivity. Furthermore, at high temperatures of 800  C
and 900  C, the respective Fe solubility limits4 are comparable or higher than the concentrations of Fei in the wafers,
and thus Fe precipitation should not occur. Therefore, by
comparing the changes in [Fei] of the SiO2 and SiNx sister
wafers and examining the spatial changes in [Fei] across the
mc-Si wafers, it is clear that the observed decreases in [Fei]
of the SiNx set are not due to accelerated Fe precipitation,
but some other impact of the presence of hydrogen.
Hydrogenation of shallow dopants in silicon, such as boron, is well known.11,12 However, the passivated boron should
be reactivated by annealing at temperatures higher than
160  C,11 which is lower than the PECVD process temperature. In addition, the boron concentration of the tested samples
is 1016 cm3, which is 3–4 orders of magnitude higher than
the dissolved Fe concentration, meaning that a moderate
change in the [B] is unlikely to affect the measurement of
[Fei]. To confirm that the observed changes in interstitial Fe
concentrations are not due to changes in the boron concentration, the resistivities of both SiO2 and SiNx samples in the ascut state, and before and after different annealing steps, were
monitored by QSSPC dark conductance measurements. The
resistivities were found to stay the same throughout the
annealing steps and also between the SiO2 and SiNx sister
wafers. The measured reductions in [Fei] of the SiNx coated
samples are therefore not due to the hydrogenation of boron.
With increasing annealing time from 3 min to 30 min,
all of the samples annealed at 400–900  C show further
reductions of the Fei concentrations, as can be seen in Figs. 4
and 6. After 30 min, reductions of more than 90% of the
original Fei concentrations have been achieved for samples
annealed at 600–900  C, that is, those which require recoating of SiNx films in between the anneals. The impact of
hydrogenation during the PECVD process, as disucssed
above, is thus small compared to the effect of annealing.
Some of the wafers, which were annealed at 400  C, 700  C,
and 900  C, were subjected to further anneals of 5 h. As
shown in Figs. 4 and 6, the 5 h anneals result in further
reductions in Fei concentrations for those at low temperatures of 400  C and 700  C; whereas, for the 900  C, this
additional 5 h anneal leads to an increase in the [Fei] compared to the previous 30 min anneal. However, the SiO2 sister wafer also shows an increase in the Fei concentration
after the same annealing step. Therefore, the observed
increase in [Fei] of the SiNx sample could be related to the
effect of precipitate dissolution which offsets the hydrogenation of dissolved Fe. Alternatively, this increase could also
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FIG. 5. Photoluminescence images [sub-figures (a)–(c) and (g)–(j)] and the corresponding interstitial Fe concentration images [(d)–(f) and (k)–(n)] of a pair of
sister wafers which underwent the same anneals at 700  C, with [(g)–(n)] and without [(a)–(f)] hydrogen source during annealing. Note that while the scales of
the PL images (PL counts of arbitrary unit) vary to demonstrate the grain features, the Fe images have the same logarithmic scale to compare the concentrations and distributions of Fei. The large “rings” appearing on the PL images are the QSSPC coil in the PL imager.

be caused by the increasing dominance of the dehydrogenation of Fe as time increases. It was found in Ref. 41 that
increased annealing times actually cause degradation of carrier lifetime for edge-defined film-fed (EFG) and string ribbon silicon, and the effect was attributed to dehydrogenation.

It is known that during annealing the flux of hydrogen from
the SiNx film into the silicon bulk slows down as time
increases and the diffusivity of H is rather high.20 Hence, the
reaction of H binding with defects and impurities in mc-Si
would dominate at the beginning of the anneals. However, as
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FIG. 7. PL image of a neighbouring wafer to the two samples shown in
Fig. 5. The wafer was chemically polished and passivated using PECVD
SiNx, to show the grain structures of mc-Si in the as-cut state. Note that the
“ring” is the QSSPC coil.

FIG. 6. Percentage of the [Fei] reduction after annealing with respect to the
pre-annealed states, for wafers with SiNx coatings. The plot includes results of
annealing at 400–900  C and for different cumulative times (although recoating was performed after each annealing step). Lines are guides to the eyes.

the annealing time increases, without constant replenishment
of the H concentration from the films, the effusion of H out
of the sample will start to dominate, the hydrogenation reaction will slow down, at some point allowing the reverse reaction of H-defect dissociation (i.e., dehydrogenation) to begin
to dominate.
Fig. 6 plots the percentage reductions of the Fei concentrations after annealing with the SiNx samples, compared to
the respective pre-annealed states, for different annealing
temperatures and times. As shown in Fig. 6, for the same
annealing times of 3 min, 30 min, and 300 min, the most
effective reduction of the Fe point defect occurs at 700  C.
Note that the 900  C short anneal was 140 s instead of 3 min,
because of equipment limitations. Hydrogen diffuses rapidly
in silicon,12,20 and therefore the hydrogenation process is
generally not diffusion-limited,17 especially at such high
temperatures. For all of the tested annealing time durations,
the [Fei] reduction effectiveness increases with temperature
from 400 to 700  C. This agrees with the simulations shown
in Fig. 2, which indicate that the Feþ and H pairing rate
should increase with temperature above 400  C. Then from
700 to 900  C, the reduction of [Fei] becomes less effective.
This may be attributed to either the dissolution of Fe precipitates or the reverse reaction of Fe-H dissociation, that is,
dehydrogenation, or a combination of both. Note that the
effect of Fe precipitate dissolution is negligible for short
annealing times of 3 min and 30 min, as reflected by the
small changes in the [Fei] of the SiO2 sister wafers shown in
Fig. 4. Dehydrogenation is therefore the more likely explanation, as the measured Fei concentrations are the net effects of
hydrogenation and dehydrogenation of Fei. The effectiveness
of hydrogenating defects in EFG and string ribbon silicon
was also found to decrease at temperatures higher than
750  C, as a result of dehydrogenation.41

comparing the PL images of the oxidised samples in Figs.
5(a) and 5(g) with a neighbouring wafer in the as-cut state in
Fig. 7. The as-cut neighbouring wafer was simply chemically
polished and then passivated with PECVD silicon nitride,
without any further steps, to allow examination of the bulk
features in the as-cut state. As shown in Figs. 5(g) and 5(h),
these activated defects remain unchanged after the PECVD
SiNx deposition but were fully deactivated after a short hydrogenation step of 3 min (Fig. 5(i)), and they remain passivated during the subsequent long time anneals. On the other
hand, wafers without the high temperature step show no such
drastic change in the recombination activity of structural
defects after hydrogenation. An example is shown in Fig. 8,
which shows the PL images of a sample before and after hydrogenation, and the sample did not undergo any high temperature process prior to hydrogenation. As can be seen by
comparing Fig. 8 with Figs. 5(h)–5(i), the intra-grain defects
already present in the as-cut state are less readily hydrogenated than the defects activated after a high temperature process. This agrees with the observations reported in Ref. 42.
The structural defects in mc-Si, for example, dislocations and grain boundaries, become recombination active after being decorated by impurities.43 By comparing the PL
images with the corresponding Fe images in Fig. 5, it can be
seen that these high temperature activated defects are not
related to interstitial Fe. Buonassisi et al.40 reported that after
rapid thermal annealing at 860  C and 1000  C, copper and
nickel silicide precipitates are almost entirely dissolved.

B. Hydrogen passivation of other defects

A high density of intra-grain defects were activated after
the initial oxidation step at 1000  C. This is clear when

FIG. 8. PL images of the same wafer (a) in the as-cut state, that is, the wafer
was only chemically polished and passivated using PECVD SiNx and
(b) after hydrogenation at 400  C for 5 h.
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Recombination activity of the intra-grain regions was also
found to increase,40 and the spatial distributions look similar
to the PL images from this study. Therefore, the activated
defects may be due to the decoration of intra-grain dislocations by dissolved impurities, such as copper and nickel, and
are then effectively hydrogenated during the subsequent
anneals.
From the measured effective minority carrier lifetime
(seff) and the concentration of interstitial Fe ([Fei]), the carrier lifetime due to recombination channels other than Fei,
sother, can be estimated. The changes in seff, sother, and [Fei]
before and after annealing for different times are shown in
Fig. 9, for the samples annealed at 400  C, 700  C, and
900  C. The changes in seff and sother are small for the SiO2
sample set, indicating that the observed large changes in lifetimes for the SiNx set are due to hydrogen. As shown in Fig.
9, with increasing annealing time, the Fei concentrations
decrease and the effective carrier lifetimes increase. The
only exception is after the 900  C 5 h anneal, which resulted
in a decrease in effective lifetime and an increase in [Fei],
possibly because of the dissolution of impurities including
Fe precipitates, or dehydrogenation, as discussed above.
On the other hand, sother first increases and then
decreases to lower than the pre-annealed sother values with
annealing time. The trend of sother with time could be related
to the shifting dominance from hydrogenation to dehydrogenation as annealing proceeds, as a result of the effusion of
hydrogen from the sample. This has less of an impact on interstitial Fe, as shown by the different time at which maximum sother and minimum [Fei] occur (Fig. 9). The
concentration of H from PECVD SiNx films is orders of
magnitude higher than the concentration of interstitial Fe in
mc-Si,20 and therefore Fei is less susceptible to the loss of
hydrogen. The different response of interstitial Fe and other
defects to the hydrogenation time could also be due to the
different hydrogenation activation and deactivation energies
for different species, leading to different sensitivity to the
concentration changes in the reacting species. The optimum
hydrogenation time for other defects is 45 min at 400  C and
is 3 min at 600–900  C. However, note that at 600–900  C,
very coarse time intervals were examined. The longer optimum hydrogenation time at a lower temperature can be
explained by the balance of hydrogenation and dehydrogenation at different given thermal energies, that is, at different
temperatures. As annealing time increases to long hours, the
effect of impurity dissolution may also degrade the lifetime
sother, as in the case of the 900  C anneals.
IV. DISCUSSION

It was conjectured in Refs. 18 and 19 that the reduced
recombination activity of metals during H ion bombardment
at 300  C (Ref. 19) and the decreased Fei concentrations during 400  C hydrogen plasma exposure18 resulted from
hydrogen-enhanced metal diffusivity that drives more precipitation/gettering of dissolved metals. In this paper, we
show that the Fei concentrations also decrease substantially
after annealing at temperatures higher than the Fe solubility
limit. This has also been reported previously15–17 for other
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FIG. 9. Effective minority carrier lifetimes (seff), lifetimes due to defects
other than interstitial Fe (sother), and concentrations of interstitial Fe ([Fei])
of the same wafers before and after annealing for different times with SiNx
films present at 400  C, 700  C, and 900  C. The lifetimes presented here are
in the FeB paired state, at injection levels of 2  1013 – 4  1013 cm3.
Lines are guides to the eyes.

high temperature anneals, in which case the precipitation of
Fe cannot explain the decreased [Fei]. In addition, the [Fei]
images after annealing do not show the appearance or widening of the denuded zones near structural defects. Such
denuded zones are characteristic of the inhomogeneous Fe
precipitation process.10
We also considered the possibility that the substantial
decline in [Fei] after annealing could be due to some uniform
gettering sites by means of segregation at high temperatures,
enhanced by the presence of hydrogen. For example, wafer
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surfaces or uniformly distributed dense dislocations which
cannot be spatially resolved by PL imaging. However, this
was found to be unlikely. McLean et al.17 reported that
wafers which demonstrated an 80% decline in Fei concentrations after annealing with SiNx films at 700–900  C, temperatures at which the precipitation of Fe was not found in the
preliminary test, recovered to the initial Fei concentrations
and carrier lifetimes after annealing at 900  C for 1 h in nitrogen with the SiNx films removed, i.e., without the hydrogen
source. McLean et al.17 used FZ wafers with known concentrations of implanted Fe, and hence the impact of Fe precipitate dissolution on the [Fei] is not present. If the
aforementioned hypothesis were true, that is, the observed
[Fei] reductions were caused by the dissolved Fei atoms segregating to some uniform gettering sites within the mc-Si
samples, the follow-up anneal at 900  C for 1 h would result
in further gettering of Fei, at a slower rate if assuming the
process is enhanced by hydrogen, and the already gettered
Fe should not be ejected back into the bulk resulting in a
return of the [Fei] to the pre-hydrogenated values. Therefore,
the reductions in [Fei] after high temperature anneals are not
likely due to the gettering of Fe via segregation at high temperatures. Furthermore, these results show that in the absence of a hydrogen source, the process of dehydrogenation
becomes dominant. This is a similar phenomenon to that
observed by Rohatgi et al.41 for the dehydrogenation of the
previously hydrogenated EFG and string ribbon silicon,
which demonstrates a significant drop in lifetime after firing
the samples without the SiNx films.
The significant reduction of Fei concentrations after
annealing for a range of temperatures is therefore more likely
related to the interaction of interstitial Fe and atomic hydrogen, the effect of which passivates the electrical activity of
interstitial Fe in silicon. We propose that it may be the reaction of Fe and H atoms, resulting in less recombination
active Fe-H complexes. The reaction is conjectured to be
between positively charged Fe (Feþ) and negatively charged
H (H). However, other possibilities are not excluded.
Although the fraction of negatively charged H (H) is small,
the total H concentration from PECVD SiNx is in the range
of 1015–1016 cm3,20 and thus a small fraction of H is sufficient for the typical concentrations of dissolved Fe in mc-Si.
The pairing of Feþ and H and the dissociation of Fe-H, that
is, the process of hydrogenation and dehydrogenation, can
explain the observed effectiveness of the [Fei] reductions at
various temperatures and times.
The activation energy for the hydrogenation of interstitial
Fe was found to be in the range of 1.2 eV–2 eV in Ref. 17,
and the binding energy of Fe and H was reported to be 1.5 eV
in Ref. 11. The significant reductions of [Fei] after annealing
at 600–900  C suggest that the forward reaction of hydrogenation is favoured over the reverse reaction of dehydrogenation.
V. CONCLUSION

In this study, we present experimental evidence for the
hydrogenation of interstitial iron in multicrystalline silicon,
upon annealing of PECVD SiNx coated wafers for a range of
temperatures from 400  C to 900  C and for times from
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minutes to hours. Decreases of more than 90% of the initial
dissolved iron concentrations are observed after a 30-min
anneal at 600–900  C. At low temperatures where Fe precipitation also occurs, hydrogenation happens on a much faster
time scale, acting as the dominant process. The most effective hydrogenation of dissolved Fe occurs at 700  C, where
99% of the initial [Fei] is hydrogenated after 30 min, and a
longer annealing time drives even further reductions in [Fei].
This results in a large increase in the effective minority
carrier lifetime for the Fei-limited mc-Si samples.
Hydrogenation of other defects in the mc-Si, however, is
more effective after shorter anneals. Further increases of the
annealing time actually result in degrading sother, as dehydrogenation becomes dominant. Hydrogenation of Fe also
occurs during the PECVD SiNx deposition process, although
the extent is less in comparison to annealing at higher temperatures. The results presented in this paper and those from
high temperature hydrogenation studies15–17 show that the
reduced interstitial Fe concentrations after hydrogen incorporation are unlikely to be caused by an accelerated internal
gettering of Fe at structural defects due to enhanced diffusivity of Fe in the presence of hydrogen. The hydrogenation
process may be related to the pairing of positively charged
Fe (Feþ) with negatively charged H (H), forming less
recombination active Fe-H complexes. For temperatures
above 400  C, simulations show that moderate excess carrier
injection via illumination has little impact on the charge
states of Fe and H, and this is experimentally confirmed by
the similar observed hydrogenation processes of wafers
annealed with and without illumination at 400  C.
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