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Study on Boron–Hydrogen Pairs in Bare and Passivated
Float-Zone Silicon Wafers
Clemens Winter, Jochen Simon,* and Axel Herguth
more attention from the photovoltaics community to improve the understanding of the
various hydrogen interactions in silicon.
Unfortunately, the direct quantiﬁcation
of hydrogen with methods such as secondary ion mass spectrometry (SIMS) or
low-temperature Fourier-transformed IR
spectroscopy achieves only relatively high
detection limits. The tendency of hydrogen
to bind to dopant atoms as the most available impurity opens up an alternative, indirect way of hydrogen quantiﬁcation. The
formation of boron–hydrogen (BH) pairs
from H2 in boron-doped silicon consumes
a hole and, thereby, negates the doping
effect of boron.[11] In the past, this effect
on the sample’s resistivity has been widely
used to study BH dynamics.[1,2,12,13] In this
contribution, highly sensitive resistance
measurements[14] are used to investigate
BH dynamics, which achieve a detection
limit signiﬁcantly lower than those based
on contactless eddy-current measurements
recently presented in the study given by Walter et al.[13]
Hydrogen often originates from hydrogen-rich dielectric ﬁlms
such as silicon nitride (SiNx :H), which release hydrogen during
high-temperature steps. Within this contribution, the impact of
rapid high-temperature steps on BH pair dynamics in bare and
SiNx :H-passivated ﬂoat-zone silicon (FZ-Si) samples during dark
annealing at 220  C is investigated. Furthermore, the inﬂuence of
the dark annealing temperature in the range 200–300  C is studied.

This study deals with the dynamics of the formation and dissociation of
boron–hydrogen (BH) pairs in crystalline silicon during a rapid high-temperature
treatment and subsequent dark annealing between 200 and 300  C. Highly
accurate resistivity measurements are used to detect BH pairs in chemically
polished B-doped ﬂoat-zone silicon. It is found that an unexpecteded high amount
of hydrogen is present in the as-purchased wafers. Hydrogen is initially mostly
paired to boron but can be dissolved by a short high-temperature ﬁring step. If a
ﬁring step (530  C) is applied to bare, unpassivated Si wafers, most of the initial BH
pairs are dissolved, and hydrogen dimers (H2 ) form. With increasing peak temperature, an increasing amount of hydrogen leaves the H2 ⇌ BH system, while the
proportion of BH increases. Additional hydrogen can be introduced by ﬁring a
wafer passivated with plasma-enhanced chemical vapor deposition (PECVD)
SiNx :H. A three-state model shows a good agreement with the measured data for
both bare and coated samples as well as for different annealing temperatures. With
increasing dark annealing temperatures, the BH dynamics accelerates, whereas the
maximum BH concentration reached decreases. For temperatures above 280  C,
signiﬁcant changes in the reaction dynamics are observed.

1. Introduction
The role of hydrogen in crystalline silicon (c-Si) has been studied
for decades due to its multifaceted properties. Hydrogen is known
to passivate defects both in the bulk and at the surface[1–4] and can
deactivate dopant atoms, both in p- and n-type c-Si due to its
amphoteric nature.[4,5] It also plays an important role in different
degradation phenomena. For the permanent deactivation of the
boron–oxygen complex, which is responsible for light-induced degradation of charge carrier lifetime, hydrogen is needed.[6] In recent
years, the presumed importance of hydrogen in light and elevated
temperature-induced degradation (LeTID)[7–10] has drawn even
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In impurity-lean silicon such as FZ-Si, hydrogen is predominantly present in the form of dimers (H2 ) or attached to dopants,
in our case boron, due to its high reactivity.[15] As discussed later
on, hydrogen may change between those states according to the
left-hand side of the reaction scheme
H2A þ 2B þ 2hþ ⇌ 2BH0 ⇌ 2HX0 þ 2B þ 2hþ
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(1)

where the dissociation of the (H2A [16]) dimer consumes two
holes. It should be noted that the left-hand side of the reaction
scheme is different from the description used in the model of
Voronkov and Falster,[16] because only the net effects on charge
carrier concentration are considered. It is, furthermore, observed
that BH pairs may vanish as well under the very same conditions
known to trigger the formation, hence suggesting that hydrogen
changes its binding state in the long run for a second time
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(right-hand side of the above-mentioned reaction scheme).
During this subsequent reaction, holes are released again, which
implies that hydrogen occupies an electrically neutral, more
favorable binding state HX0 . It cannot be excluded that hydrogen
binds to itself (X ¼ H), however, in a different dimeric conﬁguration (H2C ) as suggested by Voronkov and Falster.[16] An alternative explanation could be the effusion as neutral species.
Assuming ﬁrst-order reaction kinetics, the concentration of
BH pairs is described by a sum of two exponential functions
½BHðtÞ ¼ A1 ⋅ expðt=t1 Þ þ A2 ⋅ expðt=t2 Þ þ A∞

(2)

with time constants t1,2 and amplitudes A1,2 , where the index 1
represents the formation, and index 2 the dissociation of BH
pairs, whereas A∞ giving the long-term limit. The introduction
of the second exponential function extends the model from the
study given by Voronkov and Falster[16] and allows for a description of the measured data, as will be explained later on. The electrical resistivity ρ
ρ1 ¼ q  ðp  μp þ n  μn Þ

(3)

is given by the elementary charge q, hole and electron concentration p, n, and their associated mobility μp,n . For p-type material
without any excess charge carriers, n is negligible, and p is equivalent to the equilibrium hole concentration p0 , which, in turn, is
mainly determined by the (ionized) doping concentration N dop .
Considering Equation (1), where deactivation of boron is caused
by the formation of BH pairs, it follows
ρ1 ¼ q  μp  ðN dop  ½BHÞ

(4)

This gives a direct measure for the concentration of BH pairs
via resistance measurements.

3. Experimental Section
As purchased, chemically polished FZ-Si wafers, B-doped with
N dop  1.5  1016 cm3 (ρ  1 Ω cm) and a thickness of 250 μm,
are cut into 5  5 cm2 samples. On some samples, hydrogenrich silicon nitride (SiNx :H) is deposited on both sides via
plasma-enhanced chemical vapor deposition (PECVD) in a
PlasmaLab100 reactor from Oxford Instruments (deposition temperature 400  C, total duration 12 min per side). By adjusting the
ratio of the gas ﬂows of ammonia (NH3 ) and silane (SiH4 ),
100 nm thick SiNx :H layers of different composition are produced
observable by a variation in refractive indices n being 2.10, 2.40, and
2.55 at 630 nm, respectively. The samples were not subjected to any
wet chemical treatment beforehand, meaning that the thin layer of
silicon oxide wet-chemically grown by the wafer manufacturer is
still present on all samples. Most of the samples receive a short
high-temperature step in a conveyor belt furnace (“ﬁring step”),
with sample peak temperatures (T F ) between 500 and 850  C.
The samples’ temperature is monitored with a K-type thermocouple
mechanically pressed onto the wafer surface. The set peak temperature of the belt furnace is adjusted in a way that the actual sample
peak temperature T F matches the targeted temperature as closely as
possible. Such a ﬁring process, which is commonly used for metal
contact formation on Si solar cells, is also known to release
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hydrogen from the SiNx :H layer into the Si bulk.[17] The steep
cool-down ramp leaves most of the hydrogen in the Si bulk in
an electrically inactive state,[15,18] which can be identiﬁed by the
dimeric conﬁguration H2A .[16] During a subsequent dark annealing
on a hotplate (Praezitherm) at a temperature T DA , the reaction
described in Equation (1) is triggered, which is accompanied by
a change in resistivity as described earlier.
To quantify these changes, highly accurate four-terminal electrical resistance measurements are performed. More details and
a thorough error analysis of the methodology are published elsewhere.[14] Electrical contacts to the silicon are established with
two parallel double stripes of thermally evaporated aluminum
(Al) (see Figure 1). Highly Al-doped pþ regions are created by
a pattern of laser pulses (laser-ﬁred contacts [LFCs]),[19] enabling
a reliable and low resistance contact. Neither Al evaporation nor
the creation of LFCs cause signiﬁcant temperature load on the
sample. A digital multimeter (Keithley 2000, 6.5 digit) is used
for the resistance measurements. As temperature control is a
crucial factor for highly accurate measurements,[14] they are performed on a temperature stabilized stage (T ¼ 25.0  C) inside a
light-tight housing. The dark annealing treatment is brieﬂy interrupted for each measurement point.
With respect to the chosen cuboid sample geometry and under
the assumption of a homogeneous resistivity ρ in the total volume tested, resistance R is given by
R¼ρ

gd
wt

(5)

with distance of the inner electrodes d ¼ 40 mm, sample thickness t ¼ 250 μm, and width w ¼ 50 mm. A geometry factor g ¼
1.02 is used for compensation of a slightly inhomogeneous current distribution. It should be noted that due to the integral
nature of the resistance measurement, it is impossible to draw
conclusions on the (in)homogeneity of resistivity, in particular,
in terms of depth. However, as most (but not all) of the samples
used are subjected to a ﬁring step during which homogenization
of hydrogen in depth is expected, the assumption of a constant
resistivity seems justiﬁed. Combining this equation with
Equation (4) and taking the difference between two measurements, the following expression is obtained for the difference
in BH pairs Δ½BH with respect to a reference point
!
g d
1
1
Δ½BH ¼


(6)
qwt
μp,0  R0 μp  R

Figure 1. Cross section of the sample structure, not to scale. The aluminum contacts (gray) are ﬁred through the SiNx :H layer (black, only present
on some samples) and form a highly doped pþ region underneath (dark
gray) inside the Si bulk (light gray).
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Taking the difference ensures that N dop no longer appears as a
parameter and does not have to be known exactly. Mobilities are
calculated with an online tool from PV lighthouse[20] using the
approach described in the study given by Herguth and Winter.[14]
The choice of the reference resistance value R0 is arbitrary and is
given in the following in each case. It should be noted that this
measurement method interprets all changes in resistance as a
change in Δ½BH.

4. Experimental Results and Discussion
The ﬁrst part of this section covers the evolution of BH pair concentration during a dark anneal at 220  C of FZ-Si samples,
which have a hydrogen-rich SiNx :H layer on both sides. The samples were subjected to a short high-temperature ﬁring step before
annealing to introduce hydrogen from the SiNx :H into the Si
bulk. In the second part, the effect of a dark anneal on bare
FZ-Si with no obvious hydrogen source is investigated. In the
last part, the dark annealing temperature is varied between
200 and 290  C to determine the critical temperature at which
BH pairs do not form any longer.
4.1. Evolution of BH Pairs in FZ-Si with a SiNx :H Layer
For each refractive index (n ¼ 2.10, 2.40, and 2.55), three samples were prepared and subjected to a high-temperature ﬁring
step at the peak temperatures of 735, 790, and 850  C, respectively. In Figure 2a, the dynamics of the BH pairs during a subsequent dark anneal at T DA ¼ 220  C is displayed. The ﬁring
temperature is represented by the color, whereas the symbols
indicate the refractive index of the SiNx :H. The long-term limit
was used as the reference point for calculating Δ½BH, so all

curves approach zero for long times. The overall behavior of
the samples is quite comparable: A concentration of 0.7–2 
1014 cm3 BH pairs is already present after ﬁring. During dark
annealing, BH pairs form from H2A according to Equation (1),
resulting in a rise of Δ½BH. The maximum concentration
reached after a couple of hours at 220  C varies from less than
1.7  1014 cm3 to almost 11  1014 cm3 where higher concentrations are reached with higher ﬁring temperatures. The different compositions of the SiNx :H layers (characterized by different
refractive indices) seem to play a minor role only, which is in
contrast to previous reports.[21] However, one should note that
different PECVD tools (here: direct plasma, and the study by
Bredemeier et al.:[21] remote plasma) were used, and layers might
differ more in their microscopic structure than what is revealed
in the refractive index. The maximum concentration of BH pairs
Δ½BHmax is composed of the initial concentration Δ½BHt¼0 h and
the share Δ½BHDA , which indicates how many additional BH
pairs form during dark annealing
Δ½BHmax ¼ Δ½BHt¼0 h þ Δ½BHDA

(7)

The initial concentration Δ½BHt¼0 h contains information
about the post-ﬁring state and is independent of the dark anneal.
Δ½BHDA , on the other hand, depends on both the initial concentration of H2A and the dark anneal during which the reaction
H2A ! BH takes place. To separate these inﬂuences, the respective dependence of the two quantities on the ﬁring temperature
will be considered individually. In the upper graph of Figure 2b, it
is shown that Δ½BHt¼0 h (brown) doubles from 730 to 850  C,
whereas Δ½BHDA (blue) increases almost tenfold from 1  1014
to 9  1014 cm3 . Thus, at higher ﬁring temperatures, signiﬁcantly more hydrogen is introduced into the Si volume, which
is in accordance with a previous study.[6] Directly after ﬁring, most

Figure 2. a) Change in BH pair concentration of FZ-Si samples with different refractive indices and ﬁring temperatures during a dark anneal at
T DA ¼ 220  C. The long-term limit is used as the reference point for calculation of Δ½BH. The lines are double exponential ﬁts to the measurements
according to Equation (2). b) Initial concentration Δ½BHt¼0 h (brown) and increase of BH pairs during dark annealing Δ½BHDA (blue) as a function of
ﬁring temperature. The upper graph shows absolute values, whereas the lower displays the ratio of the two quantities to the ﬁt parameter A2 . The lines are
empirical trend lines.
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of the hydrogen is present in the form of H2A . The increase in
Δ½BHt¼0 h with higher peak temperatures shows that the absolute
amount of BH pairs already present after ﬁring rises as well.
Under the assumption that at the beginning of the dark anneal,
all hydrogen is present as either H2A or BH, and that all initially
present H2A dimers form BH pairs and dissociate again according
to Equation (1) during dark annealing, the ﬁt parameter A2 from
Equation (2) can be used as a measure for the total amount of
hydrogen within the H2A ⇌ BH subsystem. Putting the two quantities Δ½BHt¼0 h and Δ½BHDA in relation to A2 , it can be seen that
at high ﬁring temperatures, the ratio Δ½BHt¼0 h =A2 is about 20%,
and that of Δ½BHDA =A2 is about 80%. Interestingly, this ratio
changes with lower ﬁring temperatures. The proportion of
Δ½BHt¼0 h rises to almost 40%, whereas Δ½BHDA decreases
accordingly. It is difﬁcult to imagine that the peak ﬁring temperature itself is the underlying reason, because BH pairs become
instable at these high temperatures and tend to dissociate as will
be shown in the following experiments. Furthermore, the cooldown ramp, during which the BH pairs might form again, is quite
comparable for the different peak temperatures.
4.2. Bare Samples
An important question to ask is whether the incorporation of
hydrogen from the SiNx :H layer really is the only source of
hydrogen, which is found inside the wafer later on. Taking
the idea of the origin of hydrogen far back in the history of sample fabrication, the question arises whether Si wafers are free of
hydrogen in the as-delivered state from the manufacturer. The
FZ-Si wafers used in this section did not receive any processing
steps before electrical contacting apart from a ﬁring step while
one wafer was left unﬁred as a reference. This reference wafer
(black stars in Figure 3) shows a slight increase in BH pair concentration after an initial drop. After 2 h of dark annealing at

220 ∘ C, the dissociation reaction of the BH pairs predominates,
and Δ½BH declines again. Thus, it can be followed that there is
already an initial hydrogen concentration of nearly 3  1014 cm3
in the purchased FZ-Si wafer, primarily in the form of BH pairs.
It is unclear, whether the initial drop from the ﬁrst to the second
measurement point is related to BH pairs or not. It is a reproducible feature, which will be discussed in more detail in the next
section. As it is not describable by the three-state system introduced earlier, the ﬁrst measurement value is ignored for the
ﬁtting procedure for the time being. The amount of hydrogen
in this sample seems surprisingly high, as it is even more than
a wafer contains, which was passivated with hydrogen-rich
SiNx :H and ﬁred at about 740 ∘ C (see Figure 2). As the same starting material was used, it is conceivable that initially present
hydrogen effuses during SiNx :H deposition at a temperature
of 400  C.[22,23] Alternatively, if conversion to an energetically
more favorable binding state (e.g., H2C ) or bonding to other
impurities occurs, this hydrogen fraction would have escaped
observation by the methodology used here.
If such a bare wafer is ﬁred in a belt furnace, the initial concentration of BH pairs is reduced signiﬁcantly (red, orange, and
yellow squares in Figure 3). During the subsequent dark anneal,
BH pairs form again. The maximum amplitude of BH pairs is
2.8  1014 cm3 for both the unﬁred sample and the sample ﬁred
at 533  C. This suggests that no hydrogen is lost from the H2A ⇌
BH system. As the ﬁring temperature increases, both the initial
concentration of BH pairs and the maximum amplitude decrease.
The former suggests that with higher peak temperature, less BH
pairs form again during the cool down, or more BH pairs were
dissociated in the ﬁrst place. The latter implies that increasingly
more hydrogen is lost from the H2A ⇌ BH system—either by
effusion, conversion to H2C or bonding to other impurities.
To have a closer look at changes in the hydrogen system, the
quantities Δ½BHt¼0 h and Δ½BHDA are plotted again as a function

Figure 3. a) Change in BH pair concentration of bare, ﬁred FZ-Si samples during a dark anneal at T DA ¼ 220  C. The long-term limit is used as the
reference point for calculation of Δ½BH. The lines are double exponential ﬁts to the measurements according to Equation (2). b) Initial concentration
Δ½BHt¼0 h (brown) and increase of BH pairs during dark annealing Δ½BHDA (blue) as a function of ﬁring temperature. The upper graph shows absolute
values, whereas the lower displays the ratio of the two quantities to the ﬁt parameter A2 . The lines are empirical trend lines.

Phys. Status Solidi A 2021, 218, 2100220

2100220 (4 of 7)

© 2021 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.pss-a.com

of ﬁring temperature in Figure 3b. The initial BH pair concentration
decreases linearly with increasing ﬁring temperature, whereas
Δ½BHDA shows a sigmoidal decrease with strongest reduction
in the range around 700  C. The ratios with respect to A2 illustrate
that a ﬁring step around 600  C can maximize the ratio H2A /BH in
the initial state. However, in doing so, the total amount of hydrogen
in the system H2A ⇌ BH is already decreasing. At the highest ﬁring
temperature (814  C), a total of only 0.2  1014 cm3 hydrogen
remains and is almost completely paired to boron after ﬁring.
The change of the ratios with ﬁring temperature is exactly
opposite to that of samples with a SiNx :H layer. This can be
explained by the inverse dependence of the total hydrogen content on the ﬁring temperature of the two sample systems with
and without a SiNx :H layer, respectively. In Figure 4, the initial
fraction of BH pairs from Figure 2 and 3 relative to the hydrogen
content within the H2A ⇌ BH system is plotted. Calculations
from Voronkov and Falster[16] (black line) show a good agreement apart from some scattering, although they used a slightly
different doping (1  1016 cm3 instead of 1.5  1016 cm3 ).
All these observations can be explained coherently if the
as-purchased wafers already contain a concentration of about
3  1014 cm3 hydrogen, with around 80% present as BH pairs
and 20% as H2A . Subsequent processing steps at elevated temperature change this conﬁguration. Samples with a SiNx :H layer and
ﬁred at T F ¼ 730  C interestingly show a lower hydrogen concentration within the H2A ⇌ BH system compared with bare samples
ﬁred at around T F ¼ 500  600  C. One possible explanation could
be the following: For passivated samples, the hydrogen initially present in the as-purchased wafer is, at some point prior to dark annealing brought into a conﬁguration in which it no longer forms BH

Figure 4. Initial fraction of BH pairs Δ½BHt¼0 h =A2 after the ﬁring step as a
function of the total hydrogen content inside the H2A ⇌ BH subsystem,
which can be identiﬁed with the ﬁt parameter A2 .The solid black line represents calculations made by Voronkov and Falster[16] under the following
conditions: Ndop ¼ 1  1016 cm3 , ﬁring step with a peak temperature of
750 ∘ C and 100 Ks1 cooling rate. The cooling ramp is comparable to the
ﬁring proﬁle used here.
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pairs during subsequent dark annealing and is, therefore, not
observable with the methodology used in this article. Hydrogen
effusion out of the wafer would be an alternative explanation for
the observations. It can be expected that even lower ﬁring temperatures would reduce the amount of hydrogen in the passivated samples even more. This would imply that some hydrogen is already
lost from the H2A ⇌ BH system during the SiNx :H deposition.
The question now is where does this hydrogen in the
as-purchased wafer originates from in the ﬁrst place. In some
cases, studies assume that wafers are free of hydrogen prior
to explicit contact with hydrogen-containing atmospheres or
hydrogen-rich layers.[24] In fact, no formation of BH pairs is
found in studies with unﬁred SiNx :H layers.[13] However, the
statement that a wafer is “hydrogen-free” must be treated with
great caution (see the analysis in the study given by Hallam
et al.[25]). There are reports in the literature that hydrogen incorporation into silicon is possible by wet chemical etching and
cleaning steps.[26–28] In a surface-near region, a rather high fraction of dopant atoms will then be deactivated. It should be noted
again that the used methodology only gives an integral value of
Δ½BH with respect to the wafer volume; thus, surface effects cannot be investigated. Though, after a ﬁring step, it can be assumed
that hydrogen concentration is rather uniform throughout the
wafer.[29] The presented results show that great care should be
taken when investigating the role of hydrogen, because hydrogen
can already be present in the wafer or introduced unintentionally,
e.g., by standard wet-chemical processing steps.
4.3. Temperature-Dependent BH Dynamics
As shown earlier, a ﬁring step with temperatures around 530  C
dissolves existing BH pairs, whereas a treatment at 220  C initiates their formation. To gain more insight into the reaction
dynamics, the dark annealing temperature has been varied
between 200 and 290  C on bare samples. The results for samples
treated with a high-temperature ﬁring step with hydrogen predominantly existing as H2A in the beginning are shown in
Figure 5a. With increasing dark annealing temperatures, the
amplitude of BH pairs lowers, and the formation occurs earlier.
For temperatures above 240  C, a sharp increase occurs for prolonged annealing after dissociation of BH pairs, which is probably
not related to the BH dynamics described previously. The steep
rise of this still unknown effect shifts to lower time constants with
increasing temperature, indicating that it is thermally activated.
The trend of BH associated peaks getting shallower with higher
temperatures reverses at 290  C. We, therefore, conclude that
some change in BH dynamics occurs at this temperature, which
causes the deviation from the trends found at lower temperatures.
In the case of unﬁred samples with hydrogen mainly existing
as BH in the beginning, the resulting measurements are displayed in Figure 5b. The behavior at the very beginning of the
treatment is dominated by a fast drop in resistance, which is interpreted as a change in BH pair density based on the measurement
analysis procedure. Whether this is actually the case and which
physical cause is responsible for this cannot be answered on the
basis of these data. Diffusion dynamics might play a role here,
because hydrogen is expected to exist mainly close to the surface
in these unﬁred samples, but a separate system completely
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Figure 5. a) Calculated change in BH concentration for ﬁred samples under a dark annealing procedure. A higher dark annealing temperature leads to
lower amplitudes and an accelerated dynamics. Change in BH concentration is calculated with respect to the initial resistance measurement.
b) Calculated change in BH concentration for bare, unﬁred samples. The amplitude of the local maximum decreases with increasing temperature.
Change in BH concentration is calculated with respect to the initial resistance measurement, and the lines are ﬁts according to Equation (2).

unrelated to BH dynamics also changing hole concentration is
conceivable as well. However, as the focus of this work is on
the dynamics for longer times, this particular feature will not
be evaluated further. This effect is followed by a local maximum
that becomes ﬂatter for rising temperatures and shifts to shorter
times. As the maximum disappears for 290  C, the validity of the
model below this temperature can also be shown here.

If we examine the ﬁtted time constants of Figure 5a more
closely, we arrive at the representation in Figure 6. Shown are
the inverse time constants t1,2 for formation and dissociation
of BH pairs versus inverse temperature. Note that this is a
phenomenological approach, referring only to the effective reaction rates of the system. By assuming an Arrhenius-like dependence of the time constants, the effective activation energy of the
formation of BH pairs E for ¼ 1.29ð7Þ eV and of the dissociation
E dis ¼ 1.22ð18Þ eV can be determined. For the regression, only
values in the range of the solid line were included. Again, it
can be stated here that above 280  C, a change takes place.
The selection of the values included in the Arrhenius ﬁt for
the dissociation reaction was deliberately set narrow, because
for higher temperatures, the dissociation is strongly inﬂuenced
by the strong long-term increase described earlier.
The time constants of the case of unﬁred samples (Figure 5b),
on the other hand, are strongly inﬂuenced by the initial drop and,
therefore, exhibit large uncertainties, which would make an analysis not very meaningful.

5. Conclusion

Figure 6. The ﬁt parameters of the effective time constants t1,2 for formation and dissociation from Figure 5a are shown as an Arrhenius plot. Error
bars show one standard deviation obtained from ﬁtting. Solid lines indicate the range of values included in the linear regression. The dotted line
shows how the parameters for high temperatures deviate from it.
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In this article, the dynamics of BH pairs in boron-doped FZ-Si during dark annealing is investigated using highly accurate resistance
measurements. As-purchased, chemically polished FZ-Si wafers are
found to contain a considerable amount of hydrogen, most of it
paired to boron. Subsequent temperature treatment, e.g., a
PECVD process or a ﬁring process, changes the state of this hydrogen. A short high-temperature ﬁring step applied to Si wafers coated
with SiNx :H introduces additional hydrogen into the wafer volume.
After ﬁring, it is mainly in the form of H2A , but some BH pairs are
also present. If a ﬁring step with a peak temperature of around
© 2021 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH
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530  C is applied to bare, unpassivated Si wafers, most of the initially present BH pairs split up and form H2A while almost no
hydrogen is lost from the H2A ⇌ BH system. With higher ﬁring
temperatures, more and more hydrogen is lost from this system.
As a consequence, the share of BH pairs increases, which is in
accordance with theory. Furthermore, it could be shown that with
increasing dark annealing temperature, the BH dynamics accelerates, whereas the maximum BH concentration reached decreases.
The three-state model used to mathematically describe BH dynamics shows very good agreement with measurement data for both
bare and passivated silicon, as well as for different annealing temperatures. Effective activation energies for formation and dissociation of BH pairs are determined to be 1.29(7) and 1.22(18) eV,
respectively. For temperatures above 280  C, signiﬁcant changes
in the reaction dynamics occur, which manifests itself in a deviation
of the time constants from Arrhenius behavior. Besides BH pair
formation and dissociation, which is well described in the model
used, two additional thermally activated effects were found to have
an impact on hole concentration. The ﬁrst one happens rather fast
and is occurring predominantly in unﬁred wafers only. The second
occurs for prolonged annealing times and overlaps with the dissociation reaction for temperatures above 240  C.
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