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The move toward lower cost sources of solar silicon has
intensiﬁed the efforts to investigate the possibilities of
passivating or reducing the recombination activity caused
by deep states associated with transition metals. This is
particularly important for the case of the slow diffusing metals
early in the periodic sequence which are not removed by
conventional gettering. In this paper, we examine reactions
between hydrogen and transition metals and discuss the
possibility of such reactions during cell processing. We analyse
the case of hydrogenation of iron in p-type Si and show that
FeH can form under non-equilibrium conditions. We consider
the electrical activity of the slow diffusing metals Ti, V, and
Mo, how this is affected in the presence of hydrogen, and the
stability of TM-H complexes formed. Finally, we discuss
recent experiments which indicate that re-siting of some
transition metals from the interstitial to substitutional site is

possible in the presence of excess vacancies, leading to a
reduction in recombination activity.

Periodic ordering of the 3d, 4d, and 5d transition metals with
adjacent columns of the periodic table. The metals with
hydrogen complexes which have had their electronic properties reported in the literature or in this paper are highlighted in
green.
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1 Introduction In silicon technologies much attention has been devoted to contamination by transition metals
(TM), particularly those in the 3d series. These metals are
responsible for yield reducing problems associated with, for
example, generation currents in MOS devices and dielectric
breakdown [1]. In the case of device fabrication using
electronic grade silicon, the concern is largely associated
with metals introduced during device processing, electronic

grade silicon in its as-grown state contains negligible
concentrations of transition metals. This is because it
derives from polycrystalline feedstock which has been
chemically puriﬁed very effectively, for example by the
Siemens process, and then is converted to single crystal
from the melt usually by the Czochralski (Cz) method. The
effective segregation coefﬁcient of transition metals
between the solid and the liquid phase of the silicon during
ß 2017 The Authors. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cz growth is typically <105 resulting in most of the TMs
remaining in the melt rather than being transferred to the
grown crystal. The combination of the Siemens process
and Cz growth usually results in extremely low and
technologically unimportant concentrations of TMs, typically these are 1010 cm3.
In the case of Solar Silicon, the cost of the silicon is
much more important than in the case of electronic grade
material applications in microelectronics and so cheaper
methods of ingot growth are often used. Many variants on
the theme are in production or in development but the end
result is that the chemical puriﬁcation of the feedstock is
simpliﬁed, for example upgraded metallurgical silicon
(UMG) is used, or the inherent puriﬁcation of the
Czochralski method is eliminated using casting. This results
in a higher concentration of transition metals in the slices
used for solar cell fabrication than in electronic grade Si.
The signiﬁcance of speciﬁc TMs in solar cells was
studied in the 1970’s in what is now known as “The
Westinghouse Experiment.” In this work, various concentrations of TMs were added to the melt in a conventional Cz
growth procedure and the effect on the solar cell efﬁciency
was measured. The study was an extremely comprehensive
one, involving the growth of over 200 TM doped Cz ingots
in which the chemical concentrations were measured using
neutron activation analysis (NAA), the electrical activity
using deep level transient spectroscopy (DLTS), and the
detailed effect on the solar cell performance monitored [2].
Families of graphs were published showing the degradation of efﬁciency as a function of the TM concentration in the p
and n-type Si slices used to fabricate the cells, and this was
widely referenced showing that certain metals were the most
“dangerous.” When the results are analysed, it becomes
apparent that the order of signiﬁcance is, in general, the order
of the TMs diffusivities (fast diffusers are the least signiﬁcant
in degrading the cell efﬁciency) and is not solely related to the
recombination activity of speciﬁc transition metals as was
originally proposed [3]. The cell fabrication process used in
the Westinghouse experiment used single crystal material and
included a very effective implementation of gettering. A
similar sequence of experiments on multi-crystalline silicon
was undertaken more recently and again, slow diffusers were
found to be the most pernicious [4, 5]. The essential
conclusion is that contamination with the slow diffusing TMs
is particularly detrimental. These correspond to the lower
atomic number elements in the 3d and 4d series sometimes
referred to as the early 3d and 4d elements. If high efﬁciencies
are to be obtained with less pure silicon which contains these
slow diffusing TMs it is important to ﬁnd ways in which their
recombination activity is reduced or eliminated in both single
crystal and multi-crystalline materials.
It is well known that reactions between hydrogen and
some TMs in silicon can result in passivation or reduced
recombination activity. In general, the bonding between
hydrogen and the TM is weak (2 eV) and so the hydrogen
is dissociated at temperatures well below those experienced in solar cell processing. In addition, in p-type
ß 2017 The Authors. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

material hydrogen-TM reactions are usually inhibited
by Coulombic repulsion. Despite this, recent work has
indicated that substantial improvements in lifetime of both
Cz and cast UMG p-type solar silicon can be achieved
through hydrogen treatments in which light is used. This is
interpreted as being due to a change in the charge state of
the hydrogen [6]. In this paper, we consider these issues
and present some of our recent work on the hydrogenation
of TMs and also, evidence for displacement of some TMs
from the interstitial to substitutional site. In conjunction
with earlier work on hydrogenation we try to draw
generalisations in relation to the mechanism of hydrogen
passivation and its stability. Our principal tools in these
studies have been DLTS and related analytical techniques
which we describe elsewhere [7].
2 Formation and thermal stability of hydrogenTM complexes in silicon
2.1 TM-H reactions in p-type Si Hydrogen atoms
are very mobile in silicon at room temperature and atomic
hydrogen is likely to combine with impurities and intrinsic
defects [8]. The initial hydrogen reaction is highly dependent
on the charge state relative to the defect or impurity.
Predominantly, the reaction is driven by long range
Coulombic interactions. Atomic hydrogen is an amphoteric
impurity with negative-U ordered donor and acceptor levels
at Ec  0.18 eV and Ec  0.65 eV. The neutral state is
metastable. Isolated hydrogen occurs in the positive charge
state in p-type Si, while it is negatively charged in n-type. As
the H(þ/) occupancy level lies in the upper half of the band
gap it would be expected that in intrinsic Si (mid-gap Fermi
level) the Hþ charge state will dominate. Experimentally,
there is evidence that H is the stable form when the Fermi
level is >0.3 eV above the mid gap energy [9].
The fact that hydrogen is positively charged in p-type Si
explains why there are many reports of TM-H complexes in
n-type Si, whereas there are none in equilibrium in p-type Si.
The interstitial TMs tend to be positively charged in p-type
and hence there will be Coulombic repulsion between the
metal and the hydrogen. Under these conditions the metalhydrogen complex will not form. However, if the Fermi level
can be manipulated or an adequate ﬂux of minority carriers
generated, non-equilibrium charge states can be attained and
some reactions with H may now become possible.
We have explored this concept by forcing a hydrogen
reaction with iron in p-type Si. Previously a FeiH complex has
been characterised in n-type Si as a hole trap with an energy
level at 0.31 eV above the valence band [10]. Ab initio
calculations have predicted that the FeiH complex should be
stable at room temperature and have a deep donor level at about
Ev þ 0.40 eV and a deep acceptor level at about Ec-0.3 eV [11].
We took Fe contaminated 12 Ω  cm p-type Cz-Si
samples and introduced hydrogen either from a hydrogen-rich silicon nitride layer or by wet etching [12]. The
DLTS spectrum for a Fe contaminated and hydrogenated
sample is shown in Fig. 1 as line 1, as measured on a
Schottky diode evaporated onto an unheated sample. A peak
www.pss-a.com
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Figure 1 DLTS spectra of Fe contaminated p-type Cz-Si samples
with Fei concentration 1.3  1013 cm3 1) before annealing, 2)
after annealing at 110 8C without bias, 3) after annealing at
110 8C with 5 V reverse bias, and 4) followed by annealing at
175 8C for 30 min without bias.

with its maximum at about 55 K, clearly identiﬁable as
related to the Fe-B pair, is evident. If the sample is annealed
at 110 8C with zero bias a small peak with its maximum at
about 245 K due to Fei appears (line 2). If, however, the
same anneal is undertaken with the Schottky diode under
5 V reverse bias in the DLTS spectrum (line 3) the Fei
related signal becomes much more prominent and a trap
with characteristics identical to that ascribed to FeiH in ntype Si is seen.
This is because the 5 V reverse bias establishes a near
intrinsic depletion region in which the defect reactions
occur. This region is probed in subsequent DLTS scans.
Many things are happening during this anneal including the
drift of the hydrogen in the electric ﬁeld toward the bulk of
the semiconductor. This can be measured by observing the
passivation of the boron acceptors deeper in the bulk using
traditional CV measurements. This would indicate that the
hydrogen remains positively charged in the depletion
region as expected from the fact that the hydrogen converts
to H only when the Fermi level rises to 0.3 eV above the
mid gap energy [9]. Fei with its donor level at about 0.4 eV
above the valence band becomes neutral in the depletion
region and so, that switches off the attractive Coulomb ﬁeld
of B for Feiþ occurring in the bulk. Now, the neutral Fe
atoms escaping from the boron at 110 8C are not recaptured
by boron (this explains the large increase in the Fei related
DLTS signal in the spectrum 3 in Fig. 1) and are free to
interact with Hþ.
If this interpretation is correct, then it is evident that
whether or not the pairing reaction occurs depends on the
charge state of the TM in the depletion region in p-type Si
which depends on its 0/þ energy level position and so is
species speciﬁc.
www.pss-a.com

Titanium and vanadium interstitial atoms have their ﬁrst
donor levels in the upper half of the Si gap at about
Ec-0.27 eV and Ec-0.45 eV, respectively [3]. As the Tii and
Vi atoms are always positively charged in p-type Si, the
interactions of these atoms with positively charged H atoms
are very unlikely in p-type material. Indeed, we have not
observed any changes in the DLTS spectra of p-Si crystals,
which were contaminated with Ti and V impurities, after
hydrogenation [13, 14].
The case of Mo contaminated p-type Si crystals is more
complicated. Molybdenum is arguably the most potentially
harmful metallic impurity considered in this work, seen to
signiﬁcantly reduce carrier lifetime and correspondingly
cell efﬁciency at lower concentrations than Ti and V [2]. It is
also practically impossible to getter [15] and has not been
observed to form large precipitates, although recent
work [16] has shown nanoscale precipitates of Mo can
form and act as very efﬁcient recombination centers.
The majority of electrically active Mo in silicon is found
at an interstitial site and is known to introduce one deep
donor level in the silicon band gap close to Ev þ 0.30 eV
[2, 3]. Some evidence has been presented of Mo-related
levels in the upper half of the gap [17, 18]. However, the
most recent study of these levels [18] suggests that these are
not likely to be due to the Mo interstitial. In previous DLTS
studies of Mo in p-type material, as well as in our work to
date, no evidence of Mo-H complexes has been observed.
However, the unidentiﬁed DLTS signals related to Mo in the
upper half of the gap, which were observed in Refs. [17, 18],
could be related to Mo-H complexes.
It is to be expected that a shift in Fermi level and hence
modiﬁcation of the charge state could be achieved through
illumination with above band gap light so generating
minority carriers as implemented in Ref. [6]. However, the
situation is much more complex than the Fermi level shift
due to changes in bias in our experiments above. This is
primarily due to the presence of both minority and majority
carriers and their direct reactions with the defects to produce
non-equilibrium charge states.
2.2 TM-H reactions in n-type Si In n-type material
hydrogen atoms are negatively charged and can travel along
the lattice through sites with low electron density
(tetrahedral and hexagonal sites). In this situation, TM
interstitials are likely to be either neutral or positively
charged, increasing the probability of TM-H reactions. A
few examples of such interactions are presented below.
2.2.1 Titanium Interstitial titanium in silicon, located
at the tetrahedral interstitial lattice site, presents three levels
in the silicon band gap at Ec-0.08 eV, Ec-0.27 eV, and
Ev þ 0.26 eV [3]. Despite early results suggesting that
hydrogen passivation would only be effective for fast
diffusing transition metals, recent studies have shown the
formation of Ti-Hn complexes in n-type Si [13, 19, 20].
In our recent work [13], samples of n-type Si implanted
with Ti and annealed were treated with a remote hydrogen
ß 2017 The Authors. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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plasma at room temperature. In these conditions, titanium
was shown to form at least three Ti-Hn complexes with
electrically active levels in the silicon band gap, with some
formation of electrically inactive complexes. When
annealed at relatively low temperatures (100–150 8C), the
concentration of these electrically active Ti and Ti-Hn
complexes was reduced until almost complete passivation of
Ti was observed. DLTS spectra of Ti implanted n-type Cz
Si are shown in Fig 2 before and after hydrogenation
and subsequent annealing. In the DLTS spectrum of asimplanted samples (spectrum 1 in Fig. 2), two strong peaks
with their maxima at about 40 and 150 K corresponding to
interstitial Ti are seen. After a treatment with a hydrogen
plasma (spectrum 2), new signals corresponding to various
Ti-Hn complexes are observed modifying the shape of the
150 K peak and are components of the peak at  270 K.
Crucially, after annealing the hydrogenated samples at
100–150 8C (spectra 3 and 4) all of the Ti and Ti-Hn related
signals in DLTS are signiﬁcantly reduced, indicating the
formation of an electrically inactive Ti-H complex with no
levels in the Si band gap. These complexes are unstable at
higher temperatures and nearly a complete recovery of all
electrically active Ti was seen after annealing at 250 8C.
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2.3 Structures of TM-H complexes Depth proﬁle
studies of TM-H-related DLTS signals [13, 14, 20] along
with ab initio calculations [22] strongly indicate the
formation of electrically active TM-Hn complexes that
result from the capture of n  1 hydrogen atoms. Ti is a
prominent example, it seems to be able to bind with up to
four H atoms and become electrically inert.
Concerning the defect structure, for n ¼ 1, titanium- and
vanadium- and molybdenum-hydrogen complexes form
trigonal structures like the one depicted in Fig. 4, with the
NT (1013 cm-3)

2.2.2 Vanadium Interstitial vanadium, like titanium,
is situated at the tetrahedral interstitial lattice site and
can cause severe reductions in cell efﬁciencies at concentrations as low as 1012 cm3. It presents three deep level
states in the silicon band gap at Ec-0.20 eV, Ec-0.45 eV, and
Ev þ 0.34 eV [3]. In n-type silicon, interstitial vanadium has
been shown experimentally to interact with hydrogen and

form at least one well documented electrically active
vanadium hydrogen complex at about 0.51 eV from the
conduction band [14, 21].
The behaviour of this V-H complex following various
thermal treatments is documented in Ref. [14]. The
concentration of V-H complexes was shown to be increased
upon annealing at temperatures between 75 and 150 8C, with
a complete recovery of the interstitial vanadium concentration at temperatures above 175 8C. The behaviour of V-H
complexes is illustrated in Fig. 3, which shows the
concentration of V and V-H traps after various processing
conditions, as well as their DLTS spectra. The depth proﬁles
were obtained from an analysis of the Laplace DLTS spectra
recorded with variable reverse bias and ﬁlling pulse
voltages. The effect of the Debye tail was taken into
account. As can be seen in Fig. 3, in the presence of
hydrogen the total concentration of electrically active
vanadium related complexes is reduced, indicating the
formation of electrically inactive complexes involving
vanadium and hydrogen.

100

150

200

250

300

Temperature (K)
Figure 2 DLTS spectra for a Ti implanted n-type Cz-Si sample
taken after (1) 30 min annealing at 650 8C in N2 gas ambient, (2)
subsequent hydrogen plasma treatment at room temperature,
and (3)–(6) 30 min isochronal annealing in the temperature range
100–250 8C with 50 8C increments. Measurement settings are
shown on the graph.
ß 2017 The Authors. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 (a) Concentration-depth plots of interstitial vanadium in
V implanted n-type Si after implantation and 800 8C annealing
(black), after H-plasma treatment (red) and subsequent annealing
at 200 8C (blue). The concentration of an observed electrically
active V-H complex is shown (green) as present immediately after
H-plasma treatment. (b) DLTS spectra for (1) the V-implanted
n-type Si sample, which was annealed at 800 8C for 30 min in Ar
gas ambient, (2) the similarly treated neighbouring sample, which
was subjected to an H-plasma treatment, and (3) subsequently
annealed at 200 8C.
www.pss-a.com
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Figure 4 Atomistic model of an interstitial transition metal
connected to an H atom. Si, H, and the TM are shown in white,
black, and grey, respectively.

metallic ion remaining close to the tetrahedral site and
hydrogen located near the hexagonal site along the <111>
axis [22–24]. For the speciﬁc case of Ti, further H
attachment at equivalent sites is energetically favourable.
We found that the number of hydrogen atoms that Ti is able
to getter depends on the position of the Fermi-level: while in
p-type material the formation of Ti-Hn complexes is
hindered due to electrostatic repulsion. Once we move into
intrinsic and n-type Si, the binding of hydrogen to Ti
becomes energetically favourable and the maximum
number of H atoms that have a positive binding energy
increases as the Fermi level rises in the gap. A similar
behaviour was also obtained for other early metals such as
vanadium or molybdenum (at least up to TM-H2), which
like titanium, possess deep donor levels within the band
gap [25]. The increase in the number of hydrogen atoms
connected to the TM ion leads to a shift or a gradual removal
of the electronic states. For the Ti interstitial, a single donor
is left for n ¼ 3, while full passivation is obtained for n ¼ 4.
2.4 Thermal Stability of TM-H complexes and
hydrogen charge state manipulations In both p-type
and n-type Si the binding of hydrogen to the metal, in the
cases we have examined, is rather weak, typically <2 eV.
This implies that the hydrogenated fraction of the TMs
resulting from their reactions with hydrogen is diminishingly small in Si above 200 8C. Although high temperatures
are necessary to establish an adequate concentration of
hydrogen throughout a silicon slice, our expectation is that
the published process of carrier lifetime improvement by
illumination is only signiﬁcant during the cooling cycle and
is in competition with other hydrogen reactions and the
formation of molecular hydrogen in the silicon.
3 Lattice site changes as a route for reduced
recombination While formation of complexes of
www.pss-a.com
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transition metals and hydrogen has been shown to be
effective for reducing the electrical activity of transition
metals in silicon, it is also possible to render slow diffusing
impurities inactive by displacing them to the substitutional
site.
To date, we have shown this effect to occur for two of
the three transition metals discussed so far in this paper,
titanium and vanadium, when excess vacancies are
introduced by implantation [26, 27]. For both of these
metals, displacement to the substitutional site has been
observed in ﬂoat zone silicon implanted with metal ions
after annealing at high temperature. When comparing SIMS
measurements of the total metallurgical concentration of the
TM atoms to the concentration of interstitial TM’s measured
electrically with DLTS, a signiﬁcant difference is observed
between ﬂoat zone grown and Czochralski grown silicon
crystals after annealing.
In ﬂoat zone silicon, after annealing, the electrically
active fraction was seen to be smaller than the total
metallurgical concentration, suggesting that the majority of
the impurity atoms are not located at the interstitial site. In
Cz-Si the ratio of metallurgical concentration to interstitial
concentration was much closer. As well as this, redistribution of impurity atoms away from the implant site was
shown to occur much more readily in Cz-Si than FZ-Si,
suggesting greater diffusivity of metal atoms in this
material. As no evidence of precipitation was observed in
either the Cz or ﬂoat zone Si samples, it was concluded that a
signiﬁcant fraction of TM atoms had been moved to the
substitutional site in ﬂoat zone silicon. At this site, these
atoms have a signiﬁcantly lower diffusivity, accounting for
the discrepancy in redistribution between the two materials.
It was also concluded that as no further evidence of
electrical activity was observed either in capacitancevoltage measurements or in DLTS that the TM atoms are
electrically inactive at this site [26, 27].
The difference between the two materials is assumed to
be primarily due to the different concentrations of available
implantation induced vacancies in Cz and FZ Si. In Cz Si,
vacancies are known to interact with oxygen, which is
typically present at concentrations as high as 1018 cm3,
forming vacancy oxygen complexes, which are stable up to
temperatures as high as 700 8C [28]. As the concentration of
oxygen is so much higher than that of the metallic
impurities, it is unlikely that interstitial impurity atoms
will interact with vacancies during annealing. In contrast, in
ﬂoat zone silicon the concentration of oxygen is much
lower, and so displacement of metal atoms to the
substitutional site can occur, accounting for the differences
observed in our measurements.
5 Conclusions We have examined reactions between
hydrogen and TMs in silicon. In p-type material we identify
the lack of observations of TM-H complexes as being due to
long range Coulombic repulsion between the positively
charged hydrogen and the positively charged TM. However,
we have demonstrated that it is possible to form FeH
ß 2017 The Authors. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

solidi

status

physica

pss

a

1700304 (6 of 6)

J. Mullins et al.: Recombination via transition metals in solar silicon

complexes in p-type material in the depletion region of a
Schottky diode. This is attributed to the formation of the
neutral charge state of the Fei donor in the depletion region
reacting with Hþ. We present evidence that in our
experiments (without light on the samples) the hydrogen
is always in the positive charge state in the depletion region
of p-type Si. Further, it is found that not all transition metals
react with hydrogen under these conditions and we
hypothesise that a reaction will not take place if the
TM0/þ energy level is above the Fermi level and hence
retains the positive charge state in the depletion region.
We have considered the formation of TM-H complexes
with multiple hydrogen atoms and conclude that in intrinsic
and n-type Si, the binding of hydrogen to Ti becomes
energetically favourable, and the maximum number of H
atoms that have a positive binding energy increases as the
Fermi level raises in the gap. A similar behaviour is also
predicted for other early metals such as vanadium or
molybdenum (at least up to TM-H2), which like Ti, possess
deep donor levels within the band gap.
Measurements of the thermal stability in all cases for the
TMs show weak binding energy of H atoms of 2 eV which
results in their dissociation above 200 8C. However if
hydrogen is trapped in the silicon the TM-H complexes can
reform on cooling.
Finally, we have investigated the behaviour of Ti
and V in the presence of excess vacancies and compared the
TM behavior in FZ and Cz materials. We see a reduction of
electrical activity (partial passivation) and a reduction in
diffusivity in FZ material when excess vacancies are
present. The effect does not occur in Cz material due to the
preferential reaction of the vacancies with the oxygen in Cz
Si. We attribute this change of diffusivity and passivation to
re-siting of the TM from interstitial to substitutional
positions in the lattice.
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