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Significant reductions in interstitial iron (Fei) concentrations occur during annealing Fe-containing

silicon wafers with silicon nitride films in the temperature range of 250 �C–700 �C. The silicon

nitride films are known to release hydrogen during the annealing step. However, in co-annealed

samples with silicon oxide films, which are hydrogen-lean, changes in the Fei concentrations were

much less significant. The precipitation of Fei is ruled out as a possible explanation for the signifi-

cant reductions. The hydrogen passivation of Fei, which is the complexing of monatomic H and

isolated Fei forming a recombination-inactive hydride, is proposed as the most probable model to

explain the reductions. Under the assumption that the reduction is caused by the hydrogenation of

Fei, the reactants’ charge states in the hydrogenation reaction are determined by two independent

approaches. In the first approach, illumination is found to have a small but detectible impact on the

reaction kinetics in the lower temperature range. The dominating reactants’ charge states are con-

cluded to be Fe0 þ Hþ as revealed by modelling the injection-dependent charge states of isolated

Fei and monatomic H. In the second approach, the reaction kinetics are fitted with the Arrhenius

equation over a large temperature range of 250 �C–700 �C. A reasonable fit is only obtained when

assuming the reacting charge states are Fe0þHþ. This supports the conclusion on the reacting

charge states and also gives a value of the activation energy of hydrogenation in the 0.7–0.8 eV

range. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929757]

I. INTRODUCTION

Fe is one of the most common metallic impurities in

photovoltaic grade crystalline silicon.1 Previous studies have

shown the total Fe concentration in photovoltaic multicrys-

talline silicon wafers can be in the 1014–1015 cm�3 range,

with 1011–1013 cm�3 being in the dissolved interstitial

state.2,3 Both Fei and Fe precipitates can significantly reduce

the carrier lifetime.1 External gettering is a common and

effective method to remove Fei from the bulk of silicon

wafers during cell fabrication.4 There is also the possibility

to reduce the impact of Fei via hydrogenation. Several previ-

ous studies reported a reduction in [Fei] or in the recombina-

tion activity of Fe-related traps after the incorporation of

hydrogen into the silicon bulk, by hydrogen ion implanta-

tion5 or simply by annealing a hydrogenated silicon nitride

passivation film on the wafer surface.6–8 The authors have

attributed this reduction to the hydrogenation of Fei. Some of

the authors proposed that the hydrogenation reaction is the

binding of H and Fei atoms, forming a recombination-

inactive hydride.5,8 In the recent study by Liu et al.,8 it was

shown that the observed reduction of Fei is unlikely to be

caused by internal gettering by crystallographic defects,

which may be accelerated by the enhanced diffusivity of Fei

in the presence of hydrogen, as has been proposed

elsewhere.9,10

As a closely related topic on the hydrogenation of defects

in silicon, the boron-oxygen (BO) defect and its permanent

deactivation have been studied in recent years.11–26 It has

been shown that the permanent deactivation of the defect,

which occurs under illumination at elevated temperatures,

appears to require the presence of hydrogen.13–21,25 In some

studies, the permanent deactivation is explained by the signifi-

cant change of the charge states of monatomic hydrogen under

illumination, which accelerates the hydrogen passivation of

the defect.15,18–20,23,25 Similarly, in the possible hydrogenation

of Fei, it is also probable that only Fe and H atoms in certain

charge states participate in the reaction. In some reports, it has

been conjectured that the paring reaction is driven by the

Coulombic attraction between Feþ and H�, but this has not

been proven experimentally.8,23

As predicted in a recent model for charge states of

defects in silicon, at a lower temperature range (300 �C and

below), carrier injection has a significant impact on the

charge distributions on the energy levels of Fei and H.23

Assuming different reacting charge states, the presence of

carrier injection therefore affects the hydrogenation reaction.

This provides a theoretical basis for the experimental deter-

mination of the charge states of the reactants. In this work,

we measure the kinetics of the hydrogenation of Fei in p-Si

at the lower temperature range, both in the dark and under

illumination. We model the charge states of Fei and H as a

function of both temperature and injection level by applying

a general charge occupancy factor, as described in Ref. 23.

The charge states of the reactants are then determined by

combining the experimental and modelling results. We then

measure the kinetics of the hydrogenation reaction in the

dark across a higher temperature range from 300 �C toa)Electronic mail: chang.sun@anu.edu.au.
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700 �C and estimate the activation energy of hydrogenation,

using a more complete reaction rate model.

II. EXPERIMENTS

The samples in this study were Float-Zone (FZ) boron-

doped silicon wafers. The doping of the samples was in the

8.0–8.5� 1015 cm�3 range, determined by dark conductance.

The wafers were chemically etched to remove the saw dam-

age, resulting in thicknesses between 260 and 270 lm. Then,

they were implanted with 70 eV Fe56 ions to doses of

3.0� 1011 cm�2 and 5.2� 1010 cm�2. After implantation, the

samples were cleaned and annealed at 1000 �C in dry oxygen

for 45 min, and in nitrogen for 30 min, followed by cooling

down to 750 �C with a cooling rate of 10 �C/s and then

cooled down rapidly to room temperature in air. This process

allowed the implanted Fe atoms to distribute uniformly

throughout the thickness of the wafers and froze them in the

interstitial state, as well as growing SiO2 films providing sur-

face passivation. Some of the wafers were then dipped in

diluted hydrofluoric acid solution to remove the oxide film

and were passivated with Plasma-Enhanced Chemical Vapor

Deposited (PECVD) SiNx films, deposited in a Roth and Rau

AK400 chamber. The set temperature of the PECVD reactor

was 450 �C, but the actual temperature of the samples during

the deposition was about 250 �C. The thickness of the SiNx

film on each side of the sample was about 80 nm.

In this work, we hydrogenated Fei by annealing the sam-

ples with SiNx films, which served as the hydrogen source

upon annealing. The samples with SiO2 films served as con-

trol samples, as the oxide films contain virtually no hydro-

gen. The injection-dependent lifetime was measured with the

Quasi-Steady-State Photo-Conductance (QSSPC) tech-

nique.27,28 The concentration of Fei ([Fei]) was measured by

applying the FeB pair dissociation method described in Ref.

29. The recombination parameters of isolated Fei and FeB

pairs at room temperature are taken from Ref. 30.

Two sets of experiments were then conducted. The first

set of experiments was performed at 250 �C and 300 �C on

the samples with the lower implantation dose, to check the

impact of illumination during annealing. The samples with

lower dose were chosen because they had higher lifetimes,

so that higher injection levels could be achieved under illu-

mination. At each temperature of 250 �C and 300 �C, a sam-

ple with SiNx films and a sample with SiO2 films were

annealed on a hotplate in the dark, and another sample with

SiNx films was annealed on the hotplate under illumination

by a xenon white lamp with a constant intensity. The illumi-

nation intensity was about 50 suns (1 sun¼ 100 mW/cm2,

assuming the spectrum is similar to AM1.5G spectrum),

measured by a reference cell. The [Fei] as a function of cu-

mulative annealing time was measured on each sample. The

data from this set of experiments were then used to deter-

mine the reactants’ charge states in the hydrogenation, as

described below.

The other set of experiments was conducted in the

temperature range of 300 �C–700 �C, on the samples with

the higher implantation dose, to obtain more data for the

estimation of the activation energy. At each temperature of

300 �C, 400 �C, and 500 �C, a sample with SiNx films and a

sample with SiO2 films were annealed on the hotplate in

the dark. An additional sample with SiNx films was

annealed at 500 �C. For this sample, we stripped off the

annealed nitride film and put on a new nitride film every

time before measuring [Fei], to check the effect of re-

passivation at this temperature. At each temperature of

600 �C and 700 �C, a sample with SiNx films and a sample

with SiO2 films were annealed in a Rapid Thermal

Processor (RTP). The samples were annealed in between

two other silicon wafers with similar sizes to block the illu-

mination in the RTP. The samples with nitride films were

re-passivated every time before measuring [Fei]. Again for

all the samples, we measured [Fei] as a function of cumula-

tive annealing time.

III. MODELLING PROCEDURE

A. Charge states of isolated Fei and monatomic H

The hydrogenation of Fei is assumed to be a first-order

reaction with respect to Fe and H.31 Under this assumption,

the reaction rate will linearly depend on the concentration of

each reactant according to the law of mass action. Assuming

the charge states of the reacting Fe atom and H atom are x
and y, the reaction can be written as

Fex
i þ Hy ! FeHxþy; (1)

where x can be 0/þ and y can be þ/0/�. Table I lists all the

possible reactants’ charge states, only excluding the condi-

tion where both Fei and H are positively charged, consider-

ing they are unlikely to bind due to the Coulombic repulsion.

It is also possible that more than one combination of charge

states of the reactants participates in the reaction. Such con-

ditions are discussed in more detail below.

We calculate the charge states of Fei and H in silicon as

a function of temperature and injection level applying the

general occupancy factor described in Ref. 23. The assump-

tions and the parameters in the model are consistent with

those in Ref. 23, but we use the temperature-dependent cap-

ture cross sections of the isolated Fei in this work, taken

from Ref. 32.

B. The reaction rate constant k(T)

According to the results of Liu et al., the dehydrogena-

tion (the reaction in the opposite direction of hydrogenation,

which is likely the thermal dissociation of the FeH complex)

is not significant below 700 �C,8 although we note that recent

results33 indicate that some forms of FeH complexes do

TABLE I. Possible reactants’ charge states.

x y Reactants

0 þ Fe0þHþ

0 Fe0þH0

� Fe0þH�

þ 0 FeþþH0

� FeþþH�

085709-2 Sun et al. J. Appl. Phys. 118, 085709 (2015)
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seem to dissociate at lower temperatures. Therefore, we

neglect the dehydrogenation in this work (250 �C–700 �C).

Applying the law of mass action to the reaction expressed by

Eq. (1), at a fixed temperature T, we have

d Fei½ �
dt
¼ �k Tð Þ � f Fexð Þ � f Hyð Þ � Fei½ � H½ �; (2)

where k(T) is the reaction rate constant; f(Fex) and f(Hy) are

the fractions of the charge states Fex and Hy; and [H] is a

steady-state concentration of monatomic hydrogen in the

bulk.

During hydrogenation, the carrier distributions across

the energy levels of isolated Fei and monatomic H both

under thermal equilibrium (in the dark) or in steady state

(under injection) are constantly being re-established. We

assume that the time required for this process is negligible in

comparison with the time constant of the hydrogenation

reaction at each temperature. The result is that f(Fex) and

f(Hy) are not subject to the consumption of the reactants by

the hydrogenation but remain constant when the temperature

and the injection conditions are fixed.

The monatomic hydrogen concentration NH in the sili-

con bulk introduced by annealing the nitride films is a func-

tion of the annealing temperature T and the annealing time t.
NH is subject to many factors including, for example, the

properties of the nitride film and the diffusion length of

H.31,34–37 After annealing at T for a long enough time, NH

will approximately achieve a steady state and will no longer

change significantly.36 We label the monatomic hydrogen

concentration at this steady state as [H], which appears in

Eq. (2), and assume that [H] is always larger in magnitude

than 1� 1014 cm�3 in the temperature range of

250 �C–700 �C.35,36 The [Fei] in the samples with the higher

implantation dose is about 1� 1013 cm�3, so this assumption

ensures [H]� [Fei]. As a result, the hydrogen concentration

[H] will not change significantly even if all the Fei atoms are

passivated.

Therefore, the solution to Eq. (2) is an exponential

reduction in [Fei]

½Fei� ¼ Nt � exp ½�kðTÞf ðFexÞf ðHyÞ½H� � t�; (3)

with Nt being the initial concentration of Fei. The time con-

stant is

s Tð Þ ¼ 1

k Tð Þ �
1

f Fexð Þf Hyð Þ �
1

H½ � : (4)

From Eq. (4), we know that with a fitted value of the time

constant s(T) from the experiments, the corresponding reac-

tion rate constant can be calculated as

k Tð Þ ¼ 1

s Tð Þ �
1

f Fexð Þf Hyð Þ �
1

H½ � : (5)

C. Determination of the reactants’ charge states

In Eq. (4), the reaction rate constant k(T) and the mona-

tomic hydrogen concentration [H] are reasonably assumed to

be injection-independent. However, carrier injection does

have effects on the fractions f(Fex), f(Hy), thus it will also

impact the time constant s(T). Comparing the hydrogenation

reaction in thermal equilibrium and under injection of Dn,

the ratio of the time constants is

s T; thermalð Þ
s T; Dnð Þ ¼ f Fexð Þf Hyð Þ

� �
T; Dnð Þ

f Fexð Þf Hyð Þ
� �

T; thermalð Þ
: (6)

We label the ratio on the right of Eq. (6) as rff (Dn), and

we can calculate it by assuming charge states for the reac-

tants as shown in Table I. We found that there is consider-

able difference in the predicted ratios for different assumed

reacting charge states. To determine the values of the left

hand side of Eq. (6), we conduct the hydrogenation experi-

ments in the dark and under injection. By comparing the ex-

perimental results and the modelling results, we are able to

identify the reactants’ charge states.

D. The activating energy Ea

The reaction rate constant k(T) is governed by the acti-

vation energy Ea via the Arrhenius equation. At each inves-

tigated temperature T in the experiments, we have one or

more fitted values of the time constant s(T). The reaction

rate constant k(T) can be calculated by applying Eq. (5),

where the only unknown parameter, is the monatomic

hydrogen concentration [H]. However, the temperature-

dependence of the monatomic hydrogen concentration is

not easy to measure and is unavailable in the literature, so

we assume it to be temperature-independent when deter-

mining the activation energy. Being aware that this assump-

tion is not necessarily valid, we will discuss the effects of

the possible temperature-dependence of [H] in greater

detail in the sections below. Under the assumption that [H]

is temperature-independent, we can fit

1

s Tð Þ
� 1

f Fexð Þf Hyð Þ ¼ Z � exp � Ea

kBT

� �
(7)

to obtain a value of the activation energy.

In the determination of the activation energy, the time

constants measured in thermal equilibrium are used. Since

the temperature range is now enlarged to 250 �C–700 �C,

another method to determine the reactants’ charge states is

made possible, taking advantage of the temperature-

dependence of f(Fex) and f(Hy). That is, for each pair of

possible reacting charge states listed in Table I, a set of

s(T)�1 � f(Fex)�1 � f(Hy)�1 (the left side of Eq. (7)) in the

temperature range of 250 �C–700 �C can be calculated and

fitted to Eq. (7). The set of data assuming the actual react-

ing charge states should fit well, while improper assump-

tions of the reacting charge states could be expected to

generate unreasonable fitting. This determines the reac-

tants’ charge states in an independent way from Section

III C and meanwhile gives an estimation of the activation

energy for the hydrogenation reaction.

085709-3 Sun et al. J. Appl. Phys. 118, 085709 (2015)
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IV. RESULTS

A. Determination of the reactants’ charge states

Figure 1 shows the modelling results of f(Fex) � f(Hy) as

a function of carrier injection at 250 �C. Figure 2 shows

f(Fex) � f(Hy) as a function of carrier injection at 300 �C. In

comparison with 250 �C, a same injection level has less

influence on the charge distributions, due to the increasing

concentrations of the equilibrium carriers when elevating the

temperature.23 One can see from Figures 1 and 2 that f(Fex)

� f(Hy) is always monotonic, either increasing or decreasing,

no matter what reacting charge states are assumed.

Therefore, we can use rff (Dn), which is the ratio on the right

of Eq. (6), to quantify the injection-dependence of f(Fex)

� f(Hy). It will approximate unity when f(Fex) � f(Hy) is almost

independent of injection and deviate from unity when f(Fex)

� f(Hy) is injection-dependent. Assuming different reacting

charge states, there is a large difference between the values

of rff (Dn). The predicted rff (Dn¼ 2� 1016 cm�3) and rff

(Dn¼ 1� 1017 cm�3) at 250 �C and 300 �C are listed in

Table II. These two special injection levels are chosen

because in the experiments, we estimate the injection levels

achieved in the samples under illumination to be in the range

of 2� 1016–5� 1016 cm�3 at the beginning of the annealing

and above 1� 1017 cm�3 in the end (due to the increasing

lifetime).

Figure 3 shows the experimental results at 250 �C. In the

two samples with nitride films, the concentrations of Fei

reduce exponentially, which confirms Eq. (3) in the model-

ling procedure. Within the uncertainty, there is effectively

no change in [Fei] in the oxide control sample, and we attrib-

ute this to the fact that there is no hydrogen. The comparison

of the two samples with nitride films shows that the illumina-

tion makes a small but detectible difference on the kinetics

of hydrogenation. The ratio of the time constant in the dark

to that under illumination is 1.5, in the uncertainty range of

1.3–2.1. This value agrees best with the value of rff when

assuming the reactants are Fe0 and Hþ, as shown in Table II.

As measured by a thermocouple, the illumination may

increase the sample temperature by up to 30 �C. However,

even considering this possible uncertainty, based on the ex-

perimental and modelling results, other possible reacting

charge states can still be ruled out.

A potential complication is that for p-Si with a doping

of 8.4� 1015 cm�3, 250 �C is not high enough to dissociate

all the FeB pairs in the dark. The fraction of FeB pairs in

thermal equilibrium at 250 �C can be up to 15%.29,38

However, in the illuminated sample, almost all the FeB pairs

are dissociated by the injection, which is estimated to be

above 2� 1016 cm�3.23 We denote the measured concentra-

tion of Fei as [Fei]measured. When we measure the concentra-

tion of Fei at room temperature, we are measuring the total

Fei, using the lifetimes in the full associated state and in the

fully dissociated state.29 However, when we discuss the

kinetics in the modelling procedure, the [Fei] only includes

the isolated Fei atoms that are able to pair with H. At 300 �C
and above, almost all the FeB pairs will be dissociated even

in the dark, so that [Fei]measured¼ [Fei]. But at 250 �C,

[Fei]measured is obviously higher than [Fei], and [Fei]¼ fdiss

�[Fei]measured, fdiss being the fraction of isolated Fei in thermal

equilibrium. Combining this relation and Eq. (3), we have

FIG. 1. The product of the fractions of Fei and H in possible reacting charge

states, as a function of the injection density at 250 �C in p-Si with a doping

of 8.4 � 1015 cm�3.

FIG. 2. The product of the fractions of Fei and H in possible reacting charge

states, as a function of the injection density at 300 �C in p-Si with a doping

of 8.4� 1015 cm�3.

TABLE II. rff (Dn¼ 2� 1016 cm�3) and rff (Dn¼ 1� 1017 cm�3) at 250 �C
and 300 �C.

Reactants

250 �C 300 �C

Dn¼ 2

� 1016 cm�3

Dn¼ 1

� 1017 cm�3

Dn¼ 2

� 1016 cm�3

Dn¼ 1

� 1017 cm�3

Fe0þHþ 1.19 1.13 1.03 1.00

Fe0þH0 587 2700 39.3 183

Fe0þH� 244 630 13.6 24.0

FeþþH0 127 465 23.5 95.5

FeþþH� 52.6 109 8.16 12.6
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Fei½ �measured ¼
Nt

fdiss
� exp �k Tð Þf Fexð Þf Hyð Þ H½ � � t

� �
: (8)

When the temperature and the doping level are fixed, the

fraction fdiss is also fixed. Equation (8) indicates that

[Fei]measured also reduces exponentially, having the same

time constant with the reduction of [Fei]. Therefore, we can

always fit [Fei]measured to determine the time constant of the

reaction of [Fei] even when there is only partial dissociation

of FeB pairs at the annealing temperature in the dark.

Figure 4 shows the experimental results at 300 �C,

including both sets of the experiments at this temperature.

Again significant reductions in [Fei] are observed in the sam-

ples with SiNx films, and much slower reductions in the sam-

ples with SiO2 films. As hydrogen is not present in the

samples with oxide films, the reduction in [Fei] should be

caused by the precipitation at crystallographic defects, which

may be introduced by the implantation or the annealing,10,39

or occur at the surfaces. Comparing the two samples with

SiO2 films, we can see that the reduction in [Fei] in the sam-

ple with a higher initial [Fei] is more pronounced. This is

expected as a higher initial [Fei] increases the precipitation

rate.40 However, comparing the two samples with SiNx films

annealed in the dark, the time constants are within each

other’s uncertainty range. This further supports our model of

the kinetics: first, we indeed observed exponential reductions

in [Fei] during the hydrogenation (Eq. (3)), and now we

show that the time constant does not depend on the initial

[Fei] in the samples (Eq. (4)). This also indicates that the

main reason for the reduction of [Fei] in the samples with

nitride films should not be precipitation, otherwise the reduc-

tion would be faster with a higher initial [Fei].40

Comparing the two samples with lower initial [Fei] with

SiNx films, again we did not observe a significant impact of

the illumination. The ratio of the time constants is 1.2 in the

range of 0.9–1.4. It also agrees the best with rff when assum-

ing the reactants are Fe0 and Hþ (Table II), in agreement

with the conclusion from the experiments at 250 �C.

Furthermore, although the uncertainty ranges of the ratios at

250 �C and 300 �C overlap, there is a slight reduction at

300 �C, in good agreement with the predicted trend. This

indicates that the illumination has less impact on the charge

distributions and thus the kinetics of hydrogenation when the

concentrations of the equilibrium carriers are increased at

higher temperatures.

B. The analysis of the activation energy

Figure 5 shows [Fei] as a function of cumulative anneal-

ing time at 400 �C in the dark, measured on a sample with

SiNx films and a sample with SiO2 films. The experimental

results at 500 �C are shown in Figure 6, and the results at

600 �C and 700 �C are shown in Figure 7. At each tempera-

ture, there is a significant reduction in [Fei] in the sample(s)

with SiNx films, but much slower or no reduction in the sam-

ple with SiO2 film. For the samples with SiNx films annealed

FIG. 3. [Fei] as a function of cumulative annealing time at 250 �C, measured

on a sample with SiO2 film, a sample with SiNx films in the dark, and a sam-

ple with SiNx films under illumination.

FIG. 4. [Fei] as a function of cumulative annealing time at 300 �C. The two

samples with higher initial [Fei] were annealed in the dark, one with SiO2

films and another with SiNx films. Other three samples with lower initial

[Fei] were annealed with SiO2 films in the dark, with SiNx films in the dark

and with SiNx films under illumination, respectively.

FIG. 5. [Fei] as a function of cumulative annealing time at 400 �C in the

dark, measured on a sample with SiO2 films and a sample with SiNx films.
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in the temperature range of 250 �C–400 �C, we did not

change the nitride films during the experiments, as there was

no obvious degradation of the surface passivation. However,

we did observe significant degradation of the surface passi-

vation when we annealed and measured a sample with SiNx

films at 500 �C. Note that although the surface passivation

degraded, we still observed large difference between the life-

times before and after dissociation of FeB pairs. This ensures

that the uncertainties in the measured [Fei] would not be sig-

nificantly increased by the degraded surface passivation or

lifetimes.29 However, the degradation of the surface passiva-

tion may reflect a reduction in the amount of the monatomic

H that is released by the nitride films and diffuses into the

bulk of the wafers. So, we annealed another sample with

SiNx films at 500 �C, which was re-passivated with a fresh

nitride film every time before we measured [Fei]. However,

as shown in Figure 6, the difference between the kinetics

measured on the two samples is minor; the time constants

are within each other’s uncertainty range. This means the

amount of monatomic H that diffuses into the bulk is not sig-

nificantly affected by the degradation of the surface passiva-

tion in the investigated period. It is also a hint that at the

lower temperature range where the surface passivation does

not degrade obviously, the amount of monatomic H in the

bulk should be quite constant. At 600 �C and 700 �C, the

nitride film degrades more seriously, so it was necessary to

re-passivate the samples every time before measuring [Fei].

Figure 8 shows the modelling results of f(Fex) � f(Hy) as

a function of temperature in thermal equilibrium.

Corresponding to the possible reacting charge states listed in

Table I, five sets of s(T)�1 � f(Fex)�1 � f(Hy)�1 as a function

of 1000/T are shown in Figure 9. Figure 9(a) shows the

results when assuming the reactants are Feþ þ H�, Feþ þ
H0, Fe0 þ H�, and Fe0 þ H0. Obviously, none of these four

sets of data can be reasonably fitted on a straight line. The

best fitting is observed when assuming the reactants are Fe0

þ Hþ, shown in Figure 9(b). This is in agreement with the

previous conclusion on the reactants’ charge states. The fit-

ted value of Ea given by this set of data is 0.76 eV.

V. DISCUSSION

A. Hydrogen passivation of Fei

Figure 10 shows the lifetime at Dn¼ 1� 1015 cm�3 in

both the fully associated state and the fully dissociated state,

as a function of [Fei], measured on the samples with SiNx

films. The only sample excluded was that annealed at 500 �C
and measured without re-passivation, as we observed

obvious degradation of the surface passivation on this sam-

ple. The data points at [Fei]¼ 1� 1013 cm�3 in the fully

associated state are missing because the lifetimes were too

low for an injection level of 1� 1015 cm�3 to be achieved

during the measurement. The data points are fitted to a recip-

rocal relation that seff � [Fei]¼ constant. The data points with

the lowest concentrations of Fei, which do not fit so well

FIG. 6. [Fei] as a function of cumulative annealing time at 500 �C in the

dark, measured on a sample with SiO2 films and two samples with SiNx

films. One of the samples with SiNx films was re-passivated every time

before measuring [Fei], while the SiNx films of the other sample were never

changed during the experiments.

FIG. 7. [Fei] as a function of cumulative annealing time at 600 �C and

700 �C in the dark, measured on a sample with SiO2 films and a sample with

SiNx films at each temperature.

FIG. 8. The product of the fractions of Fei and H in possible reacting charge

states, as a function of temperature in thermal equilibrium in p-Si with a

doping of 8.2� 1015 cm�3.
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with the straight lines, are mainly measured on the samples

with a lower implantation dose annealed at 300 �C. On these

samples, we passivated Fei until such low concentrations

were reached that the degradation of the surface passivation

becomes obvious on this plot. Except for these points, the

data fit well with the reciprocal relations. This means that (a)

the lifetimes of the samples are always dominated by isolated

Fei or FeB pairs and (b) no other recombination centres,

which are comparably as strong as isolated Fei or FeB pairs,

are created during the reaction. This agrees with the hypothe-

sis that the reduction in [Fei] is caused by the paring of Fei

and H, forming a recombination-inactive hydride

complex.5,8

In the recent experiments of Liu et al.,8 the samples at

600 �C and 700 �C were annealed for long enough that Fei

was passivated to concentrations below the solubility limit.

This is a solid evidence that the observed reductions in [Fei]

at 600 �C and 700 �C are not caused by precipitation.8 In this

work, we hydrogenated Fei by applying the same method in

the temperature range of 250 �C–700 �C. In Figure 9(b), we

showed that assuming reasonable reacting charge states, all

the data points can fit well on the same straight line, indicat-

ing the same thermally activated behaviour at all tempera-

tures. We regard the hydrogen passivation of Fei, namely,

the pairing of Fei and H forming a recombination-inactive

hydride, as the most probable explanation, which success-

fully explains the different behaviours of Fei in the samples

with SiNx films and SiO2 films, the exponential reductions of

[Fei] (as shown in Figures 3–7), and also the similar time

constants when the initial [Fei] varies (Figure 4). However,

despite these positive evidences, we cannot absolutely

exclude the possibility that an accelerated precipitation of Fe

due to the presence of hydrogen may affect the results.

B. The reactants’ charge states in the hydrogenation
of Fei

In the results, Fe0 and Hþ are identified as the reacting

charge states. However, as shown in the modelling results in

Figures 1, 2, and 8, for the whole investigated injection and

temperature range, Fe0 always has a much higher concentra-

tion than Feþ and Hþ always has a much higher concentra-

tion than H0 and H�. A potential ambiguity is that, when the

majority charge states participate in the reaction, whether the

minority charge states also participate or not will have no

effect on the measurements, due to their much lower concen-

trations. Based on the current results, we can therefore only

conclude that the reaction is dominated by the reactants Fe0

and Hþ; whether other charge states also react cannot be

determined.

Interestingly, in comparison with the permanent deacti-

vation of BO defects where the role of illumination is found

to be crucial, we found that illumination does not have a sig-

nificant impact on the hydrogenation of Fei. This can be

explained by the difference between the two defects and

between the reacting charge states of H, assuming that the

permanent deactivation of the BO defect is indeed caused by

hydrogenation. For BO defects, the illumination is vital to

keep them activated at elevated temperatures so that the per-

manently deactivated state can be achieved.12 Otherwise, if

the BO defects are annealed in the dark, they will be dissoci-

ated and can never directly convert to the permanently deac-

tivated state.12 This is the most important reason why the

illumination is required in the process. The role of

FIG. 9. s(T)�1� f(Fex) �1� f(Hy)�1 as a

function of 1000/T, assuming the react-

ing charge states to be (a) Feþ þ H�,

Feþ þ H0, Fe0 þ H�, Fe0 þ H0 and (b)

Fe0 þ Hþ. In (b), the data points cor-

rected with the data on the loss of NH

bond densities in SiNx films upon

annealing and the fitting are also shown.

FIG. 10. The lifetime at Dn ¼ 1� 1015 cm�3 as a function of the Fei concen-

tration, fitted to reciprocal relations. Except the sample with SiNx films

annealed at 500 �C without re-passivation, all the data measured on samples

with SiNx films are included.
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illumination is further emphasized by the models recognising

the importance of H0 in passivating the BO defects.19,20,25

As predicted, the injection can increase the fraction of H0 in

the temperature range that BO defects are passivated, in both

p-Si and compensated n-Si.23 However, in the case of Fei,

the illumination barely makes any difference on the defect

itself or the fractions of the dominating reacting charge states

Fe0 and Hþ. As a result, the illumination is found to have

much less significant influence on the hydrogenation of Fei.

Since we concluded that Fe0 and Hþ are reacting in the

hydrogenation, the reaction is then not driven by the

Coulombic attraction, and the bond between Fei and H

should not be an ionic bond. This is also the case in the pas-

sivation of BO defects if H0 is the reacting charge state.20 In

addition, some recent results showed the long-time stability

of the permanent deactivation of BO defects in compensated

n-Si.22,24 Combining the modelling results of the charge

states, the authors attributed the binding of H and BO defects

to covalent binding rather than an ionic interaction.22

C. The effects of the temperature-dependence of [H]

We assumed [H] to be temperature-independent in the

determination of the activation energy, but in this large tem-

perature range of 250 �C–700 �C, one may reasonably expect

a variation in [H]. However, as clarified before, [H] is the

steady-state concentration of hydrogen. To achieve this

steady state, it takes tens of seconds at 750 �C36 but may take

hours at 200 �C–300 �C according to the diffusivity of hydro-

gen.35,37 In our experiments, the average annealing time

interval is 80 s at 700 �C, 100 s at 600 �C, 20 min at 500 �C,

1 h at 400 �C, 7.2 h at 300 �C, and 12.5 h at 250 �C. At each

temperature, this interval is comparable in scale with the

time length to achieve the steady-state [H]. This ensures that

we mostly measured the kinetics after achieving the steady

state. It also clarifies that we are not assuming the same

hydrogen concentration at different temperatures after

annealing the nitride films for the same time. On the con-

trary, the assumption indicates that to achieve a similar

hydrogen concentration, one may have to anneal the nitride

film for a time orders of magnitudes longer at 250 �C than

700 �C.

The second method to determine the reactants’ charge

states relies heavily on this assumption. However, the data

points in Figure 9(a) distribute quite randomly, which is

unlikely to be caused by the temperature-dependence of [H].

For example, for Feþ þ H� and Fe0 þ H�, the highest values

of s(T)�1 � f(Fex)�1 � f(Hy)�1 are both observed at 250 �C,

and the lowest values are at 400 �C. If the activation energy

has a positive value, [H] at 250 �C has to be orders of magni-

tudes higher than that at 400 �C, which is very unlikely to be

the case. In addition, the first method to determine the reac-

tants’ charge states does not rely on this assumption, and the

same reacting charge states are concluded with much less

uncertainty. Therefore, the assumption of the temperature-

independence of [H] will not affect our conclusion on the

reacting charge states.

However, this assumption may impact the value of the

activation energy. Boehme and Lucovsky41 measured the

evolution of the NH area bond densities during annealing

remote PECVD silicon nitride films. For the SiNx, which is

the most similar to ours, the lost fractions of NH bond den-

sities after annealing at 500 �C for 800 s, 600 �C for 100 s,

and 700 �C for 80 s are about 0.25, 0.34, and 0.35, respec-

tively.41 They only measured the data at 500 �C up to 800 s,

so we use 800 s instead of 20 min at this temperature; but as

seen from the trend of the curve, the fraction at 20 min

should be a little higher than 0.25 and closer to the fraction

0.34 at 600 �C.41 Most of the loss of the NH bonds is caused

by two competing mechanisms: the formation of H2 and the

release of monatomic H.41–43 The monatomic H that diffuses

into the bulk of silicon and passivates the defect is mainly

generated by the second mechanism.34,36,41,42 The competi-

tion of the two mechanisms mainly depends on the density

of the nitride film: a film with a lower density favours the

formation of H2, while a higher density favours the release

of H.34,42 We make another assumption here that the compe-

tition is not dependent on the annealing temperature, so that

at different temperatures, the fraction of the monatomic H,

which diffuses into the bulk, remains the same. This is not

necessarily valid, but it helps narrow down the variables.

Under this assumption, we correct s(T)�1 � f(Fex)�1 � f(Hy)�1

using the data on the lost fractions of NH bond densities

from Ref. 41 to account for the temperature-dependence of

[H] in the model. The corrected data at 600 �C and 700 �C
when assuming [H] at 500 �C is unity are shown in Figure

9(b). The fitted value of Ea
0 ¼ 0.81 eV given by the corrected

data at 500 �C–700 �C does not change much from the origi-

nal value 0.76 eV. What is notable is that based on the data

of Boehme et al., the loss of NH bonds slightly increases as

the temperature increases; as a result, fitting the corrected

data should generate a lower value of Ea
0 than the original

value. We attribute the higher Ea
0 to the uncertainties in the

data points at 500 �C–700 �C and the uncertainties associated

with the fitting. The most probable value of the activation

energy is estimated to be in the 0.7–0.8 eV range.

VI. CONCLUSIONS

In this work, we annealed Fe-containing samples with

SiNx films and SiO2 films in the temperature range of

250 �C–700 �C, and significant reductions in [Fei] were only

observed in the samples with SiNx films. We rule out the pre-

cipitation of Fei as the reason for the reductions. We propose

the hydrogen passivation of Fei, which is the complexing of

monatomic H and isolated Fei forming a recombination-

inactive hydride, as the most probable model to explain the

reductions. Under this hypothesis, good agreement is

observed between the model and the experimental results on

the kinetics of the reaction.

We determined the reactants’ charge states in two differ-

ent ways: (a) By examining the effect of illumination on the

kinetics of the reaction at 250 �C and 300 �C, and taking

advantage of the injection-dependence of the charge distribu-

tions on the Fei and H levels; (b) By fitting the reaction

kinetics in a large temperature range of 250 �C–700 �C with

the Arrhenius equation, and taking advantage of the

temperature-dependence of the charge distributions. In the
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first method, the illumination is found to have a small but

detectible impact on the kinetics. This is attributed to the

dominating reacting charge states Fe0 and Hþ, which are the

majority charge states of isolated Fei and monatomic H, and

thus their fractions are not strongly injection-dependent. The

second method supports the conclusion on the dominating

reacting charge states Fe0 þ Hþ and gives a value of the acti-

vation energy of hydrogenation of 0.76 eV. Considering the

temperature-dependence of the hydrogen concentration, we

estimate the most probable value of the activation energy to

be in the 0.7–0.8 eV range.
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