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1. Introduction

The significance of hydrogen in the passivation of recombination
active defects and improvement of the efficiency of silicon solar
cells, produced from both multicrystalline and monocrystalline

Si materials, has been evident in recent
research studies.[1,2] It has been found that
hydrogen enhances the mitigation or deac-
tivation of boron–oxygen defects responsi-
ble for the light-induced degradation in
Czochralski-grown (Cz) Si solar cells and
can passivate detrimental transition metal
impurities, dislocation clusters, and ther-
mally induced defects.[1–5] On the contrary,
it has been suggested that hydrogen is
responsible for the so-called light and ele-
vated temperature-induced degradation
(LeTID), which can produce a degradation
of efficiency of solar cells between 2.5%
and 16% relative and is most significant
in multicrystalline Si passivated emitter
and rear cells (PERC).[6–9] In most of the
technologically important cases, the details
of interaction of hydrogen atoms with other
lattice defects are not well understood. It has
been speculated that complexes of hydrogen
with boron can be involved in some of the
aforementioned phenomena.[9,10]

It is known since 1983 that hydrogen passivates boron accept-
ors.[11,12] Although there has been much debate about the mech-
anism of passivation and structure of the resulting complex, it is
now generally accepted that the hydrogen resides at the bond
center (BC) between the silicon and the boron; this has strong
support from several experimental studies and theoretical calcu-
lations.[13–19] The common opinion is that the BH pair does not
introduce energy levels into the Si bandgap. It has also been sug-
gested that multiple trapping of hydrogen atoms at substitutional
boron atoms is possible.[18,19]

Early local density functional calculations indicate that atomic
hydrogen in B-doped Si binds directly to the boron atom.[16,17]

They also tell us that at room temperature the H atom effectively
roams around all four equivalent Si–B BC sites with a barrier of
about 0.2 eV. These calculations already hinted for the removal of
the boron shallow acceptor level upon formation of stable BH
complexes. Korpás et al.[18] showed in their calculations that
hydrogen in the form of BH2 complexes is actually energetically
preferred over other known forms of hydrogen in the bulk of B-
doped Si, including H2 molecules.

In view of the importance of the aforementioned findings,
they need to be revisited. The calculations were done more than
three decades ago, when the size of supercells/clusters hosting
the defects was limited to a few tens of atoms, atomistic relaxa-
tions were only possible for high symmetry problems (conducted
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The subject of hydrogen–boron interactions in crystalline silicon is revisited with
reference to light and elevated temperature-induced degradation (LeTID) in
boron-doped solar silicon. Ab initio modeling of structure, binding energy, and
electronic properties of complexes incorporating a substitutional boron and one
or two hydrogen atoms is performed. From the calculations, it is confirmed that a
BH pair is electrically inert. It is found that boron can bind two H atoms. The
resulting BH2 complex is a donor with a transition level estimated at Ec–0.24 eV.
Experimentally, the electrically active defects in n-type Czochralski-grown Si
crystals co-doped with phosphorus and boron, into which hydrogen is introduced
by different methods, are investigated using junction capacitance techniques. In
the deep-level transient spectroscopy (DLTS) spectra of hydrogenated Si:Pþ B
crystals subjected to heat-treatments at 100 �C under reverse bias, an electron
emission signal with an activation energy of �0.175 eV is detected. The trap is a
donor with electronic properties close to those predicted for boron–dihydrogen.
The donor character of BH2 suggests that it can be a very efficient recombination
center of minority carriers in B-doped p-type Si crystals. A sequence of boron–
hydrogen reactions, which can be related to the LeTID effect in Si:B is proposed.
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by moving the atoms “manually” as to minimize the electronic
energy), and the study of charge states and electronic transitions
was still an aspiration among theorists.

Multi-trapping of hydrogen at boron is an old idea which,
although postulated previously,[18,19] has never been demon-
strated experimentally. In addition, the physical mechanisms
that could explain a sequential or simultaneous reaction of sev-
eral hydrogen atoms with boron, as well as the consequences in
terms of electrical activity of the resulting complexes, is a prob-
lem that is largely unexplored.

Later, we demonstrate that apart from the thermodynamic
drive (positive binding energies), and despite having zero net-
charge, BH complexes feature a capture radius for atomic hydro-
gen that is comparable (if not larger) with that of other competing
H-traps, including substitutional carbon. The BH2 complex is
predicted to have a donor transition level at Ec–0.24 eV. With
the use of junction capacitance techniques, an effective introduc-
tion of an electron trap with an activation energy for electron
emission of 0.175 eV has been observed in n-type Cz-Si crystals
co-doped with phosphorus and boron. It is argued that this trap is
related to the BH2 complex. A sequence of boron–hydrogen reac-
tions, which can explain the changes in minority carrier
lifetime occurring upon LeTID in B-doped p-type Si crystals,
is proposed.

2. Experimental and Modeling Details

Phosphorus and boron co-doped Si wafers used in the current
study were cut from an ingot grown at the Leibniz-Institut für
Kristallzüchtung (IKZ) in Berlin by the Czochralski technique.
Phosphorus concentration in the wafers was intended to be about
3� 1016 cm�3 and boron concentration about 2� 1016 cm�3.
To get the required concentrations of phosphorus and boron
atoms in the co-doped Si crystal, first, the conditions of growth
of Si crystals doped with either phosphorus or boron (one impu-
rity only) were calculated, the test crystals doped with one impu-
rity were grown, and conditions of growth were adjusted to
obtain the required amounts and profiles of P and B impurities.
After that, the co-doped ingot was grown with growth parameters
obtained on the basis of the test growth. Due to the different seg-
regation coefficients of boron and phosphorus in silicon, some
changes occur in the [P]/[B] ratio along the ingot. According to
our capacitance–voltage measurements, net dopant concentra-
tion varied in the range from 7� 1015 cm�3 to 9� 1015 cm�3

in the bulk regions of the studied samples. Oxygen and carbon
concentrations in the wafers have been determined from absorp-
tion coefficients, α, at maxima of infrared absorption bands due
to vibrations of interstitial O and substitutional C atoms in sili-
con.[20] The infrared absorption spectra have been recorded at
room temperature, and the following values of calibration coef-
ficients for the determination of [Oi] and [Cs] have been used:
[Oi]¼ 3.14� 1017 � αOi (cm�3), [Cs] ¼ 0.94� 1017 � αCs
(cm�3).[20] Oxygen concentration is found to be (6.5� 0.5)�
1017 cm�3 and carbon concentration to be (4.5� 1) �1016 cm�3

in the Cz-Si:Pþ B wafers. For a comparison to assess the role of
carbon, a few wafers from a Czochralski-grown ingot doped with
phosphorus and intentionally enriched with carbon during
growth have been studied. Concentrations of impurities in the

Cz-Si:Pþ C wafers were as follows: [P] ¼ (1.0–1.5)� 1015 cm�3,
[Oi] ¼ (7.5� 0.5)�1017 cm�3, and [Cs]¼ (4.0� 0.5)� 1017 cm�3.

As-received wafers were chemomechanically polished with the
thickness of about 450 μm. Prior to hydrogenation processing,
the wafers were cleaned using trichloroethylene, acetone, and
methanol for 5min at each step and lightly etched in a solution
of hydrofluoric and nitric acids with a 1HF:7HNO3 ratio.
Hydrogen was introduced into the samples either by wet chemi-
cal etching at room temperature using the 1HF:7HNO3 solution
or by a treatment in remote hydrogen plasma at room tempera-
ture. The parameters of the plasma used are as follows: RF power
has been 50W with 1–2mBar chamber pressure and 200–250 cc
min�1 gas flow.

For the investigation of electrically active defects in the hydro-
genated wafers, Schottky barrier diodes (SBDs) were fabricated
on samples cut from the wafers. The SBDs on the hydrogenated
Cz-Si samples were prepared by thermal evaporation of gold
through a shadowmask. Subsequently, aluminum was deposited
at the back of the sample to serve as an Ohmic contact. The diode
area for all the samples is about 0.79mm2 with a recorded leak-
age current of <0.1 mA at 10 V reverse bias.

We have conducted current–voltage and capacitance–
voltage (C–V ) measurements with 1MHz probing voltage
signal to assess the quality of the fabricated diodes and to
determine the concentration of uncompensated donors,
Nþ

d ¼ NDðtotalÞ � N�
A (where NDðtotalÞ is the total concentration

of donors with energy levels in the upper half of the bandgap
and N�

A is the concentration of compensating acceptor
centers),[21] as well as the width of the depletion regions. Deep-
level transient spectroscopy (DLTS) and Laplace DLTS (L-DLTS)
were used to detect and characterize deep-level traps.[21,22]

Total energy calculations were conducted from first-principles,
within hybrid density functional theory. We used the range-
separated functional of Heyd, Scuseria, and Ernzerhof
(HSE06),[23,24] as implemented by the Vienna Ab initio
Simulation Package (VASP).[25,26] The projector-augmented wave
method was used to treat the core electrons,[27] whereas valence
states were expanded in plane waves with a cutoff energy of
400 eV. The latter were found self-consistently by energy mini-
mization, leading to a numerical accuracy of the total energy
of 10�7 eV (as found from the energy change between the last
two self-consistent steps).

Defects were inserted in 216- and 512-atom supercells with
cubic shape, constructed by replication of 3� 3� 3 and
4� 4� 4 conventional cells of silicon. The calculated lattice con-
stant was a ¼ 5.4318 Å. Forces acting on atomic nuclei were
obtained within the generalized gradient approximation (GGA)
to the exchange correlation potential.[28]

Minimum energy structures were found by energy minimiza-
tion with respect to the atomic coordinates, until the maximum
residual force was lower than 0.01 eV Å�1. For the calculation of
forces and structural relaxation of defects in 216- and 512-atom
cells, the band structure was sampled over a 2� 2� 2 k-point
grid and Γ-point, respectively. For total energy calculations
(HSE06-level), the sampling was done at the Γ-point, irrespective
of the cell size. All total energies of defects with nonzero charge
include a periodic charge correction, calculated here according to
the recipe of Freysoldt et al.[29]
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3. Modeling Results

3.1. Calculated Structures, Transition Levels, and Binding
Energies

We have inspected several configurations of BH and BH2 com-
plexes and found that in p-type Si, the formation of direct B─H
bonds notably leads to the most stable structures. Figure 1
shows the lowest energy configurations of the BH and BH2

complexes. These are in agreement with previous results in
the literature.[16–18]

Metastable BH structures where H sits at antibonding sites
connected to the B atom, or to its Si first neighbor,[16] were found
to be less stable than the ground state structure by at least 1.3 eV.
On the contrary, the total energy of the BH complex where H is
located at the second-neighbor BC site closest to boron was only
0.3 eV above the ground state (first-neighbor BC site). The barrier
for the capture of positively charged hydrogen by negatively
charged boron, where Hþ performs a jump from the second-
to first-neighbor BC site, was estimated as 0.68 eV. This barrier
is nearly 0.2 eV higher than the activation energy for migration of
Hþ, but still low enough to allow the reaction Hþ þ B�

s !BH0 to
take place at room temperature.

While the supercell with the most stable BH complex displays
a clean bandgap, the neutral BH2 defect shown in Figure 1 has a
semioccupied Kohn–Sham state edging the conduction band
minimum, suggesting a donor character. Electronic transition
levels Eðq=q0Þ between charge states q and q0 were evaluated
according to the usual expression

Eðq=q0Þ ¼ EðqÞ � Eðq0Þ
q
0 � q

(1)

where EðqÞ is the total energy of a supercell with a defect in
charge state q. This already includes a periodic charge correction
(about 0.10 and 0.03 eV for BH defects with charge q ¼ þ1 in
216- and 512-atom cells, respectively).

We confirm that the BH complex is electrically inert. The
defect consists of a B�Hþ donor–acceptor pair, where the nega-
tively charged boron atom raises the emptied donor state of
hydrogen above the conduction band minimum. Therefore,
donor and acceptor transitions of BH are resonant with the
valence band and conduction band, respectively.

Regarding BH2, we calculated a transition at Eð0=þÞ � Ev ¼
0.91 eV. The energy of the valence band top, Ev, was obtained
from the energy of the highest occupied Kohn–Sham state of
a bulk cell at k ¼ Γ. The donor level can be cast with respect
to the conduction band minimum as Ec � Eð0=þÞ ¼ 0.24 eV,
where Eg ¼ Ec � Ev ¼ 1.15 eV is the calculated bandgap width.
The BH2ð0=þÞ level almost coincides with that obtained
for interstitial hydrogen at the BC site, i.e., at Ec � Eð0=þÞ ¼
0.22 eV. The error bars of the calculated transition energies of
both defects are comparable.

The energy balance of reactions between H and B was also
investigated. Previous publications disregarded charge state
effects,[16–19] despite several reactants being charged in p-type sil-
icon. We assume that in B-doped Si the boron is ionized and that
any dissolved atomic hydrogen is positively charged at BC sites
(Hþ

BC). We also consider the possibility of reactions between
boron and molecular hydrogen. Accordingly, the following bind-
ing energies, Eb, could be estimated

2Hþ
BC þ B�

s !Hþ
BC þ BH0, ðEb ¼ 0.73 eVÞ (R1)

Hþ
BC þ BH0!BHþ

2 , ðEb ¼ 0.40 eVÞ (R2)

2Hþ
BC þ B�

s !BHþ
2 , ðEb ¼ 1.13 eVÞ (R3)

H2 þ B�
s þ 2hþ!BHþ

2 , ðEb ¼ 0.80 eVÞ: (R4)

2BH0!B�
s þ BHþ

2 , ðEb ¼ �0.34 eVÞ: (R5)

In the aforementioned reactions, positive (negative) values of
Eb stand for exothermic (endothermic) processes. Clearly, from
the perspective of energetics, sequential capture of at least two
protons by boron is a favorable process (Reaction (R1)–(R3)).
Also, favorable is the capture of molecular hydrogen by a boron
dopant when free holes are available (Reaction (R4)). This is
unlikely to take place in an n-type material. Finally, Reaction
(R5) tells us that the transfer of a proton between two BH com-
plexes is an endothermic process. Therefore, our results suggest
that the capture of hydrogen by boron in crystalline silicon is
energetically favored either when H is available in the form of
interstitial protons or molecules. However, if the boron concen-
tration exceeds that of hydrogen, energetics favors a distribution
of H in the form of boron monohydrides (as opposed to BH2

complexes).
The net result of any of the aforementioned reaction paths

leading to the formation of BH2 is the consumption of an accep-
tor (boron) to form a donor (BH2). The consequence of this is that
CV measurements will show an increase in two uncompensated
donors (Nþ

d ) for each BH2 center formed.

3.2. Analysis of the Effective Radius for the Capture of
Hydrogen by Impurities

Despite the calculated positive binding energies involving boron–
hydrogen reactions, other traps compete for hydrogen in the sili-
con. In solar-grade material, among the most common traps in
the bulk, we usually find substitutional carbon and interstitial
oxygen impurities. While OH defects dissociate at about room
temperature,[30] carbon–hydrogen complexes are stable up to

Figure 1. Atomistic models of a) BH and b) BH2 complexes in silicon. Si,
B, and H atoms are shown in white, green, and black, respectively.
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100 �C in darkness.[31–33] It is therefore important to understand
how likely is the formation of BH2, in particular via Reaction
(R2), in the presence of carbon in the silicon. For that, we esti-
mated how large can be the radii for the capture of a proton by
substitutional carbon, substitutional boron, and BH defects.

We considered three types of long-range attractive fields which
contribute for the capture of Hþ

BC. The first comes from strain
cancelation. This is conveniently described by the elastic

energy Eelast ¼ PðaÞ
ij GijklP

ðbÞ
kl involving two defects separated by

r ¼ rðbÞ � rðaÞ, whose elastic dipoles tensors PðaÞ and PðbÞ interact
through an elastic medium with second derivatives of the elas-
ticity Green’s functionGijkl ¼ ∂2Gik= ∂xj ∂xl.

[34,35] The derivatives
are with respect to the coordinates of the vector distance r andGik

is here approximated to the case of an isotropic material (which
has an analytical form)

GikðrÞ ¼
1

16πμð1� νÞ
�
ð3� 4νÞδik þ

xixk
r2

�
1
r

(2)

were the shear modulus μ ¼ 65.5 GPa and Poisson ratio ν ¼ 0.22
of silicon were found according to Voight’s averaging.[36] We can
write the elastic energy as Eelast ¼ A=r3, where A represents an
“elastic interaction strength” that depends on the relative orien-
tation of the two defects and on the orientation of r. Further
details for the calculation of Gijkl and the elastic dipole tensor ele-
ments can be found in previous studies.[35,37]

We inspected the magnitude of the values that A typically has
when considering the interaction between Hþ

BC and either Cs, B�
s ,

or BH0 defects. For the case of substitutional carbon and boron
we found strong interaction strengths, respectively A ¼ �14.6
and �10.5 eVÅ3, when Hþ

BC is located and aligned along
h111i directions with respect to the impurity. This results from
the superposition of tensile and compressive stress fields from
the substitutional impurities and hydrogen. Conversely, when r
is parallel or nearly parallel to h100i directions, A � 0 because the
strain field of H along those directions is rather weak.

The B─H bond in the BH complex is aligned along one of the
h111i crystalline directions. Maximum attraction for a remote
Hþ

BC is found when the proton is located at regions perpendicular
to the B─H bond. The elastic strength is in the range A ¼ �11.5
and �5.5 eVÅ3 for r along 1 1 2

� �
and 110

� �
. In both cases, the

alignment of the Si–Hþ–Si compressive unit is nearly perpendic-
ular to the BH axis as to result in a strain cancelation effect.
When Hþ

BC is located along the BH axis, a negligible value of
A is obtained. This is due to a minute elastic dipole component
along the symmetry axis of BH.

The second type of interactions is the Coulomb attraction
between charged defects. This is important to describe the reac-
tion between B�

s and Hþ
BC defects, and it is simply given by

Echg�chg ¼ e2=4πϵr, where ϵ is the dielectric constant of silicon.
Finally, the third type of interactions considered are those involv-
ing an electric dipole and a monopole. This is expected to be
important to describe the long-range potential energy of BH
(which has a permanent dipole moment) and Hþ

BC. Accordingly

Edpol�chg ¼
e

4πϵr2
p cos θ (3)

where the angle θ stands for the misalignment between the BH
electric dipole p and the vector distance r to the Hþ

BC defect. Note
that although not having the reach of the Coulomb monopole–
monopole field, the r�2 decay of the dipole–monopole energy is
substantially more gentle than that of the strain interactions.

The electric dipole moment of the BH defect was calculated
from first principles using the double-inverted-cell method[38]

combined with the expression for the energy of an infinite array
of dipoles arranged in a cubic lattice with characteristic spacing
L,[39] Edpol,∞ ¼ �p2=24πϵL3. We find that p ¼ 6.96D ¼ 1.45 eÅ,
which is coherent with the B─H bond length obtained from the
first-principles calculations (rBH ¼ 1.34 Å), i.e., close to p ¼
erBH ¼ 1.34 eÅ for a simple point-charge dipole model.

The capture radius (rc) of a defect trap for hydrogen is defined
as the trap-H distance below which the H atom is not able to
thermally escape from the attractive field of the trap. Therefore

kBT <
e

4πϵ
e
rc
þ p cos θ

r2c

� �
� A
r3c

(4)

where the three terms on the right are ordered by their range of
action. For simple tetrahedral carbon and boron impurities, we
obtain respectively rc ¼ 8.3 Å and rc ¼ 50 Å at room tempera-
ture, clearly showing a far greater trapping efficiency of the boron
ion, despite the stronger tensile strain field of the carbon
impurity.

For the capture of hydrogen by BH, we note that its tensile
field dominates the attraction of hydrogen when r is perpendic-
ular to the B─H bond, whereas the electric dipole field is the
most influential attraction force along the BH axis. From
Equation (4), we find rc,⊥ ¼ 7.4 Å and rc,k ¼ 8.8 Å, where sub-
scripted ⊥ and k symbols stand for interactions perpendicular
and along the bond of the BH complex. We note that the
B─H bond can reorient quite easily (even below room tempera-
ture), thus allowing the defect to align itself as to minimize the
energy of the HþB� · · · Hþ structure with respect to both the
electrostatic and elastic interactions. Therefore, and despite
being a neutral defect, the BH complex shows a capture radius
for Hþ

BC that is comparable with, if not larger than, that of sub-
stitutional carbon.

4. Experimental Results

Figure 2a shows spatial profiles of uncompensated donors (Nþ
d )

in a diode on a hydrogenated Si:Pþ B sample in an as-hydroge-
nated state and after annealing at 100 �C for 20min under
reverse bias of Ub ¼ �9 V. A decrease in the Nþ

d values in
the region from 0.4 to 0.8 μm in the as-hydrogenated diode is
related to passivation of phosphorus donors by negatively
charged hydrogen atoms, which were introduced into the bulk
regions by wet chemical etching.[32,40] It is known that P─H pairs
are not very stable and dissociate upon annealing at temperatures
around 100 �C.[40,41] Indeed, after annealing of the sample at
100 �C for 20min a recovery of the Nþ

d values in the subsurface
region occurred. We have conducted this annealing with the
reverse bias of Ub ¼ �9 V applied to the diode (reverse bias
annealing, which is referred to as RBA in the following). The rea-
son for the application of the reverse bias was to transform
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hydrogen atoms from the negatively charged state to the positive
one in the space charge region of the reverse-biased diodes. This
initiates interactions of Hþ species with negatively charged
boron atoms.

Figure 2b shows conventional DLTS spectra for a diode,
Nþ

d (W ) dependencies of which are shown in Figure 2a. The spec-
tra are representative of a region from about 0.35 to 0.7 μm from
the surface. Concentration values Y¼ 2� (ΔC/Cb)�Nd� f are
shown in Figure 2b, where ΔC is the magnitude of a capacitance
transient, Cb is the bias capacitance, and f is the correction func-
tion, which takes into account depletion widths at the bias and
pulse voltages and the so-called “lambda” layer.[21] The Y values at
the peak maxima are close to the average trap concentrations in
the probed region. Two relatively weak electron emission related
peaks with their maxima at about 55 and 73 K are observed in the
spectrum recorded just after the hydrogenation. These peaks can
be related to oxygen-related thermal double donors, carbon–
hydrogen, and carbon–oxygen–hydrogen complexes.[32,33,41–44]

Annealing at 100 �C under reverse bias has resulted in the
appearance of a strong electron emission signal with its maxi-
mum at about 87 K in the DLTS spectrum. It can be seen from
Figure 2b that the average concentration of the RBA-induced trap
is about 2.5� 1013 cm�3. It has been found that the detected elec-
tron trap has a very strong dependence of electron emission rate,
eem, on electric field (E) in the space charge region of the diodes,
which is a characteristic for the Poole–Frenkel mechanism
(eem � exp

ffiffiffi
E

p
),[21,45] as shown in Figure 3. This finding indicates

a donor character of the trap. Figure 4 shows an Arrhenius plot of
electron emission rates for the donor trap, which have been mea-
sured with the use of L-DLTS at the average electric field of E �
2.4� 104 V cm�1. This dependence is compared with that for the
eem values at E¼ 0 V cm�1. The E-zero-field eem values have been
obtained from fitting the experimental eem(E) dependencies
according to the Hartke’s 3D extension of the standard Poole–
Frenkel model.[45] The activation energy of electron emission

from the corresponding energy level at zero electric field has
been determined as 0.175 eV relative to conduction band edge
(Figure 4). In the following the donor trap detected will be
referred to as the E0.175 trap. It should be mentioned that the
obtained value of the activation energy of electron emission
for the E0.175 trap coincides with that for the E3 0 trap, which
has been assigned to the bond-centered hydrogen atom in Si.[30]

Figure 2. a) Spatial profiles of concentration of uncompensated shallow donors measured at 250 K in a diode on Cz-Si:Pþ B sample, which was subjected
to the following subsequent treatments: (1) Etching in 1HF:7HNO3 solution at room temperature for 3 min; (2) annealing at 100 �C for 20min during
which a reverse bias of Ub¼�9 V was applied. b) DLTS spectra recorded for a diode, Nþ

d (W ) dependencies of which are shown in (a). The spectra are
shifted along the vertical axis for clarity. Measurement parameters are given in the graph.
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Figure 3. Dependence of electron emission rate on electric field in deple-
tion region of a diode on Cz-Si:Pþ B sample, which was subjected to
annealing at 100 �C for 20min with the reverse bias of Ub¼�9 V applied.
Hydrogen was introduced into the sample by etching in 1HF:7HNO3 solu-
tion at room temperature for 3 min. Measurements were conducted at
90 K using double L-DLTS technique with the reverse bias fixed at
Ub¼�9 V and changeable values of voltage for both filling pulses with
the difference of 0.5 V between them.
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The appearance of donor centers upon reverse bias annealing
of CZ-Si:Pþ B samples with SBDs can be clearly seen in the
samples into which more hydrogen has been introduced with
the use of hydrogen plasma treatments. The techniques of hydro-
genation of silicon samples were discussed in the study by Sopori
et al.,[46] where it was noted that the amount of hydrogen which
could be introduced into silicon samples by H plasma treatments
with sufficiently long duration (a few tens of minutes, as in our
case) is very much greater than that introduced by wet chemical
etching. Figure 5a shows spatial profiles of uncompensated shal-
low donors in a diode on a plasma-hydrogenated Si:Pþ B sample
in as-hydrogenated state and after annealing at 100 �C for 20min
under reverse bias of Ub¼ �9 V. The treatment at 100 �C under
reverse bias has resulted in the significant increase in concentra-
tion of uncompensated shallow donors (ΔNþ

d > 2� 1015 cm�3) in
the subsurface region of the diode (W< 0.3 μm) with respect to
the bulk Nþ

d value. Figure 5b shows conventional DLTS spectra
for a diode, Nþ

d (W ) dependencies of which are shown in
Figure 5a. The RBA treatment has resulted in the appearance
of a very strong electron emission signal, the electronic signa-
tures (emission activation energy, preexponential factor, and
electric-field enhancement of emission) of which are identical
to those for the E0.175 donor trap detected in SBDs on samples
with hydrogen introduced by wet chemical etching. In the RBA-
treated sample the DLTS spectrum represents electron emission
in a region from about 0.2 to about 0.6 μm from the surface.

A comparison of magnitudes of the peak with its maximum
at 87 K in the DLTS spectra shown in Figure 2b and 5b shows
that the average concentration of the RBA-induced donor traps in
the plasma-hydrogenated samples (NE0.175 � 3� 1014 cm�3)
exceed that in the wet chemically etched samples (NE0.175 �
2.5� 1013 cm�3) by more than one order of magnitude. The
obtained concentration ratio is consistent with the higher
amount of hydrogen introduced into the samples by the H-
plasma treatment compared with wet etching.

Figure 6 shows concentration profile of the E0.175 donor trap in
a plasma-hydrogenated sample which was subjected to the RBA
treatment. Concentration of the deep donor nearly reaches the
1015 cm�3 value at 0.2 μm distance from the surface and
decreases to a negligible value at W≥ 0.7 μm. A comparison
of the concentration profiles in Figure 5a and 6 shows that
increase in the Nþ

d values in the subsurface region of the
RBA-treated diode follows twice the magnitude of the concentra-
tion profile of the E0.175 donor trap. As discussed previously this
is expected as the creation of each E0.175 donor consumes a boron
acceptor and so the change in the Nþ

d values will correspond to
twice the trap concentration at each point on the profile.

It is found that the donor defects induced by reverse bias
annealing disappear when the RBA-treated samples are kept
at temperatures above 280 K with no bias applied to the diodes.
On the contrary, these defects are stable up to 400 K in the deple-
tion region of the diodes, i.e., when the diodes are heated up with
the reverse bias applied. Apparently, the annihilation of the
donor centers is facilitated by the availability of free electrons.
Figure 7 shows changes in the Nþ

d ðWÞ dependencies in a diode
on Cz-Si:Pþ B sample, which was subjected to the following sub-
sequent treatments: 1) hydrogenation in H plasma at room tem-
perature for 30min; 2) annealing at 100 �C for 20min with
applied reverse bias of Ub¼�9 V; and 3) storage at 290 K under
open-circuit conditions. The storage at 290 K results in a gradual
decrease in the Nþ

d values in the region from 0.3 to 1.0 μm from
the surface. The decrease can be described by a monoexponential
decay process as it is evidenced in Figure 8. Figure 8 shows a
decay of the average Nþ

d ðWÞ values in the region from 0.4 to
0.5 μm from the surface for the diode, the Nþ

d ðWÞ dependencies
of which are shown in Figure 7, upon keeping it at 290 K under
open-circuit conditions. The decay rate is found to be about
1.9� 104 s�1 at 290 K. It should be noted that the Nþ

d ðWÞ values
in region from 0.3 to 1.0 μm from the surface, which were mea-
sured after relatively long storage of the RBA-treated sample at
room temperature, differ from the values in the as-hydrogenated
state as a comparison of curves 1 and 6 in Figure 7 shows, i.e., the
Nþ

d ðWÞ values are not fully recovered after a cycle of RBA and
open-circuit storage treatments.

It is further found that the storage of the hydrogenated and
RBA-treated sample at 290 K under open-circuit conditions
results in a gradual decrease in the magnitude of the DLTS peak
with its maximum at 87 K (Figure 9). The time constants of the
processes, which result in the changes in the Nþ

d ðWÞ values and
the DLTS peak magnitude due to the E0.175 trap upon storage of
the diode at 290 K, are very close. This observation further con-
firms that the observed changes in the Nþ

d ðWÞ values are related
to the changes in concentration of the E0.175 donor trap.
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Figure 4. Arrhenius plots of T2-normalized electron emission rates
recorded in the temperature range 85–100 K at different values of electric
field on diodes on Cz-Si:Pþ B samples, which were subjected to hydro-
genation and annealing at 100 �C for 20min during which a reverse bias
of Ub¼�9 V was applied. The emission rates at the average electric field
of E� 2.4� 104 V cm�1 have been obtained from measurements with the
use of L-DLTS technique with the reverse bias fixed at Ub¼�0.5 V and
Up¼ 0 V. The emission rates at E¼ 0 V cm�1 have been obtained from
fitting the experimental eem(E) dependencies according to the 3D
Hartke model.[45] The eem(E) measurements have been conducted using
double L-DLTS technique with the reverse bias fixed at Ub¼�5 V and
changeable values of voltage for both filling pulses with the difference
of 0.2 V between them.
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Our interpretation of the results shown in Figure 2–9 will be
briefly discussed in this section but a more detailed discussion
can be found in Section 5. The RBA treatment at 100 �C results in
the appearance of mobile positively charged H atoms in the
depletion region of the diodes. The Hþ atoms interact with sub-
stitutional boron atoms and create the BH-related defect with the
donor level at Ec�0.175 eV. The dissociation of the defect

responsible for the E0.175 trap upon annealing at 290 K occurs
only after capture of an electron by the defect, and most likely
this results in the appearance of separated substitutional boron
and interstitial H atoms. The H atoms immediately capture avail-
able free electrons, become negatively charged, and interact with
positively charged P atoms. The decrease in the Nþ

d ðWÞ values
below the bulk value (curves 4–6 in Figure 7) can only be inter-
preted by the appearance of negatively charged H atoms and their
passivation of electrical activity of phosphorus atoms.

Finally, it is found that a repetition of the RBA treatment on
the diodes, which were previously subjected to an RBA–room
temperature storage cycle, again results in the increase in the
Nþ

d ðWÞ values and concentration of the E0.175 trap in the subsur-
face regions of the diodes, however, with reduced Nþ

d ðWÞ and
NE0.175 values compared with those induced by a previous
RBA treatment, as a comparison of DLTS spectra 2 and 6 in
Figure 9 shows. It is likely that this gradual reduction of the
Nþ

d ðWÞ andNE0.175 values upon the repeated RBA–room temper-
ature storage cycles is mainly related to the electric-field stimu-
lated drift of positively charged hydrogen atoms to the sample
surface during the RBA treatments and with its permanent loss
in the subsurface regions for 1) passivation of phosphorus
donors and 2) RBA-induced reactions with the available boron
atoms.

5. Discussion

The phenomena, which we have observed in the hydrogenated
Pþ B co-doped Cz-Si samples, resemble those observed by
Endrös et al. in hydrogenated carbon-rich Si samples.[47,48]

Furthermore, the electronic properties of the E0.175 trap (DLTS
signatures, electric field enhancement of electron emission rate,
and thermal stability) detected by us are very close to those for the
carbon–hydrogen defect observed by Endrös et al. Carbon

Figure 5. a) Spatial profiles of concentration of uncompensated shallow donors measured at 250 K in a diode on Cz-Si:Pþ B sample, which was subjected
to the following subsequent treatments: 1) hydrogenation in H plasma at room temperature for 30 min; 2) annealing at 100 �C for 20min during which a
reverse bias of Ub¼�9 V was applied. b) DLTS spectra recorded for a diode, Nþ

d (W ) dependencies of which are shown in (a). The spectra are shifted
along the vertical axis for clarity. Measurement parameters are given in the graph.
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Figure 6. Concentration profile of the E0.175 trap,NE0.175(W ), in a diode on
Cz-Si:Pþ B sample, which was subjected to the following subsequent
treatments: 1) hydrogenation in H plasma at room temperature for
30min; 2) annealing at 100 �C for 20min during which a reverse bias
of Ub¼�9 V was applied. The profile measurements were conducted
using L-DLTS with variable values of both bias and pulse voltages and
the fixed difference of 0.5 V between Ub and Up values. The “lambda” layer
values have been taking into account upon calculations of the NE0.175 and
W values.[21]
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concentration in the Pþ B co-doped samples used in our study is
about 4.5� 1016 cm�3, so the available carbon atoms might be
responsible for the formation of the E0.175 trap and correspond-
ing changes in the Nþ

d ðWÞ profiles. To probe this possibility,

we have subjected a few n-type Cz-Si samples with high carbon
content ([Cs]� 4.0� 1017 cm�3) to the treatments and measure-
ments identical to those for the Pþ B co-doped samples.
Figure 10a shows spatial profiles of uncompensated donors in
a diode on a plasma-hydrogenated Si:Pþ C sample in an as-
hydrogenated state and after annealing at 100 �C for 20min, dur-
ing which a reverse bias of Ub¼�9 V was applied. The RBA
treatment has resulted in some increase in the Nþ

d ðWÞ values
in the subsurface region of the diode; however, the increase is
very much smaller than that in the Pþ B co-doped samples
(Figure 6) and indicates that no additional donors have been cre-
ated during the RBA. Figure 10b shows the conventional DLTS
spectra for a diode on the Cz-Si:PþC material, the Nþ

d (W )
dependencies of which are shown in Figure 10a. Three dominant
electron emission signals with their maxima at about 69, 78, and
90 K are observed in the DLTS spectrum of the plasma-
hydrogenated sample. A comparison of DLTS signatures of
the observed traps with those, which are available in the literature
for silicon samples subjected to similar treatments, allows us to
suggest that the peaks with their maxima at 69 and 78 K are
related to acceptor levels of the C─O─H complexes,[43,44] and
the peak with its maximum at 90 K to two C─H complexes.[32]

The RBA treatment has resulted in some tiny changes in the
magnitudes of the peaks due to the C─O─H complexes, and
in a small increase in the magnitude of the peak due to the
C─H complexes. A comparison of the results presented in
Figure 5a,b with those in Figure 10a,b indicates that it is unlikely
that substitutional carbon atoms are responsible for the appear-
ance of the E0.175 trap in our Pþ B co-doped samples. We have
further studied a range of hydrogenated n-type Cz-Si and FZ-Si
samples, in which carbon concentration has not been specified,
before and after the RBA treatments identical to those used in
this work. In some of the samples, the RBA treatments resulted
in the appearance of a DLTS signal with its maximum at a tem-
perature close to that for the maximum of the E0.175 trap;
however, concentrations of the corresponding traps never
exceeded 1013 cm�3. So, these findings indicate that the E0.175
trap and the RBA-induced changes in the Nþ

d ðWÞ values in
the Pþ B co-doped samples are related to the presence of boron
in these samples and its interactions with hydrogen atoms.

All the experimental results and calculations available in the
literature indicate that the defect, which incorporates one boron
and one hydrogen atom, is electrically neutral in crystalline sili-
con.[11–18,40,41] Our ab initio modeling results, which are pre-
sented earlier, are consistent with this statement. Taking into
account those calculations, it is reasonable to suggest that the
E0.175 trap and the RBA-induced changes in the Nþ

d ðWÞ depen-
dencies in the Pþ B co-doped samples are related to the complex
incorporating one boron and two hydrogen atoms, BH2. The elec-
tronic properties of the E0.175 trap are consistent with those
obtained for the BH2 defect by ab initio modeling and are similar
to those of a carbon–hydrogen complex with donor properties,
which was studied by Endrös et al.[47,48] and by Stübner
et al.[32] It has been argued by Stübner et al. that the observed
C─H donor complex (CHB according to Stübner et al.[32]) incor-
porates more than one hydrogen atom, most likely two. It
appears that the electronic properties of the BH2 and CHB

(CH2) complexes resemble those of a single bond-centered
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Figure 7. Spatial profiles of concentration of uncompensated ionized shal-
low donors measured at 100 K in a diode on Cz-Si:PþB sample, which was
subjected to the following subsequent treatments: (1) hydrogenation in H
plasma at room temperature for 30 min and annealing at 100 �C for
20min under open circuit conditions; (2) annealing at 100 �C for
20min during which a reverse bias of Ub¼�9 V was applied; (3)–(5) stor-
age at 290 K for 40, 180, 300min, respectively, under open circuit condi-
tions; (6) storage at 300 K for 15 h under open circuit conditions.
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Figure 8. Decay of the average Nþ
d ðWÞ values in the range of 0.4–0.5 μm

from the surface for a hydrogenated and RBA-treated diode on Cz-Si:PþB
sample upon keeping it at 290 K under open-circuit conditions. The solid
line represents a monoexponential decay curve fitted to the experimental
data.
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hydrogen atom. All these defects possess a donor level at about
0.15–0.2 eV below the conduction band and are likely to be
effective recombination centers in p-type Si samples.

In the light of our findings, we would like to consider the
recent literature results on 1) the control of hydrogen content
in solar Si materials by measurements of resistivity changes
due to the formation of BH defects upon dark annealing of

hydrogenated boron-doped p-type Si crystals in the temperature
range from 150 �C to about 300 �C,[9,10,49–51] and 2) LeTID occur-
ring in p-type Si upon dark annealing in the same temperature
range.[8,9,51–53] It should be noted that according to the recent
studies,[9] the initial stages of the 1) and 2) processes occur with
nearly identical time constants.

It is generally accepted that in Si samples hydrogenated by
high-temperature (≥700 �C) annealing in the presence of a
hydrogen source with fast cooling down after the heat-treatment,
majority of hydrogen exist in the form of hydrogen molecules at
tetrahedral interstitial sites H2(T).

[1,2,40,55–57] It was found by
Pritchard et al. that in boron-doped Si crystals the H2(T) dimers
disappeared upon dark annealing of hydrogenated Si:B samples
at temperatures exceeding 150 �C with simultaneous appearance
of hydrogen–boron pairs.[55] The concentration of BH pairs has
been monitored through the changes in magnitude of the infra-
red absorption line at 1904 cm�1.[54] The processes related to the
transformation of the H2(T) dimers to the HB pairs have been
considered earlier in Pritchard et al.[55] and recently in Walter
et al.[10,49] and Voronkov and Falster.[57] It has been argued in
the recent studies that the first step in these processes is the dis-
sociation of the H2(T) molecule to two H atoms, which became
positively charged in p-type Si. Furthermore, these Hþ atoms
interact with negatively charged boron atoms according to the
Reaction (R1), resulting in the appearance of two neutral BH
pairs. It has been further suggested that the possible direct inter-
action of H2(T) molecules with a boron atom is not a dominant
reaction, but when occurring it results in the appearance of a BH
pair and a separated hydrogen atom.[56] On the contrary, it
was argued in the earlier study that the direct interaction of
H2 molecule with the Bs atoms occurs, and there is a barrier
of about 0.8 eV for the separation of a hydrogen atom from
the BH pair.[55]

The elimination kinetics of the H2(T) dimers upon heat-
treatment of hydrogenated n-type Cz-Si crystals at 300 �C has
been reported in Murin et al.[58] It has been found that about
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Figure 9. DLTS spectra recorded on a diode on Cz-Si:PþB sample, which
was subjected to the following subsequent treatments: (1) hydrogenation
in H plasma at room temperature for 30 min; (2) annealing at 100 �C for
20min during which a reverse bias of Ub¼�9 V was applied; (3) and (4)
storage at 290 K for 60 and 300min, respectively, under open circuit con-
ditions; (5) storage at 300 K for 15 h under ope-circuit conditions; (6)
annealing at 100 �C for 20min with applied reverse bias of Ub¼�9 V.
The spectra are shifted on Y axis for clarity. Measurement parameters
are given in the graph.

Figure 10. a) Spatial profiles of concentration of uncompensated shallow donors measured at 295 K in a diode on Cz-Si:PþC sample, which was sub-
jected to the following subsequent treatments: (1) hydrogenation in H plasma at room temperature for 30 min; (2) annealing at 100 �C for 20min during
which a reverse bias of Ub¼�9 V was applied. b) DLTS spectra recorded for a diode, Nþ

d (W ) dependencies of which are shown in (a). Measurement
parameters are given in the graph.
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50% of the dimers survive after annealing at 300 �C for 120min.
This result is not consistent with the direct dissociation of H2(T)
molecules in the temperature range close to 200 �C as suggested
in Voronkov and Falster.[57] On the contrary, it is known that the
H2(T) molecules are mobile in Si at temperatures slightly above
300 K, and their diffusion coefficient in cm2 s�1 has been deter-
mined as D(H2)¼ 2.6� 104�exp{�(0.78� 0.05 eV)/kT}.[56]

Taking into account the aforementioned findings, we support
the suggestion put forward in Pritchard et al.,[55] according to
which the direct interaction of mobile H2(T) molecules with
substitutional boron atoms is the dominant reaction that occurs
during the initial stages of 150–250 �C thermal treatments of
p-type Si crystals hydrogenated at high temperatures (either by
firing or heat-treatments in a H2 gas ambient).

We can now go further and suggest a possible sequence of
defect reactions related to LeTID occurring in p-type solar Si
upon dark annealing in the temperature range 150–250 �C.
The first reaction of the sequence is the direct interaction of
mobile H2 molecules with substitutional boron atoms that
results in the formation of the BH2 defects. The H2 molecules
are created upon fast firing process in the samples covered with
hydrogen-rich dielectric layers, particularly, SiNx:H. The BH2

defects are positively charged in p-type Si, and therefore are effec-
tive traps for electrons, so their formation results in the decrease
in lifetime of minority carriers (electrons), and in the decrease in
samples resistivity as the appearance of one BH2 defect is accom-
panied by the removal of two holes. Further annealing results in
the separation of one hydrogen atom from the BH2 complex, and
subsequent capture of this separated atom by another boron
atom with the formation of two neutral BH pairs (reverse of
Reaction (R5) with an energy gain of 0.34 eV). This process
results in the regeneration of the degraded lifetime and the
growth of infrared absorption line at 1904 cm�1. It should be
noted that the BHþ

2 þ B�
s ! 2BH0 reaction does not result in

resistivity changes in p-type Si. The binding energy of the BH
pair is not high (0.73 eV according to our calculations,
Reaction (R1)), so the prolonged annealing of the hydrogenated
B-doped Si results in the dissociation of the pairs and interac-
tions of hydrogen atoms with other sinks, which include grain
boundaries and the sample surface.

6. Conclusions

We have revisited the structure, binding energies, and electronic
properties of boron–hydrogen defects in silicon using modern
density functional methods. We confirm previous structures
for BH and BH2 complexes as stable with respect to dissolved
boron and hydrogen (either in atomic and molecular forms).
However, we find that BH2 is unstable against formation of
BH pairs. We also confirm that H effectively deactivates the
electronic activity of boron upon formation of the BH and
BH2 defects. The BH2 defect is predicted to have a donor level
at Ec � Eð0=þÞ ¼ 0.24 eV.

We also compared the magnitude of the capture radius for the
reaction between bond-centered hydrogen and BH-complexes
with the analogous quantities for other probable H-traps, namely,
substitutional carbon and substitutional boron ions. It is found
that despite being a neutral defect, the permanent and orientable

electric dipole and strain fields make the BH pair an effective trap
for mobile H atoms. At least, it is as efficient as substitutional
carbon.

Experimentally, an effective formation of an electron trap with
activation energy of �0.175 eV relative to the conduction band
edge is detected in the hydrogenated Si:Pþ B samples after
RBA treatments at 100 �C. The trap is a donor with electronic
properties close to those predicted by ab initio calculations for
the boron–dihydrogen complex. It is argued that the trap is
related to the BH2 defect. The donor character of BH2 suggests
that it can be a very efficient recombination center of minority
carriers in B-doped p-type Si crystals.

We finally propose a sequence of defect reactions, which result
in the resistivity and minority carrier lifetime changes (LeTID) of
hydrogenated p-type solar Si:B crystals, upon dark annealing in
the temperature range 150–250 �C.
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