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Abstract. The main objective of this work is to investigate the effect of thermal annealing
in forming gas atmosphere on the mechanism of deactivation and reactivation of
phosphorus in silicon-based Schottky diodes. Firstly, the microwave plasma power, initial
phosphorus concentration in the samples and hydrogen flux were fixed as 650 W,
1015 cm–3, and 30 sccm, respectively, to investigate the behavior of different working
parameters of diodes, specifically the duration and temperature of hydrogenation.
Secondly, few samples hydrogenated at 400 °C for 1 h were annealed under the forming
gas (10% H2 + 90% N2) within the temperature range from 100 to 700 °C for 1 h. The
profiles of active phosphorus concentration were monitored by evaluating the change in
concentration of phosphorus after hydrogenation or thermal annealing in a forming gas
environment through capacitance-voltage measurements. The obtained results depict the
temperature and duration of hydrogenation, which ultimately reveals the complex behavior
of phosphorous and hydrogen in silicon. However, the phosphorus passivation rate is
homogeneous over all the depths measured at 400 °C. The thermal annealing in a forming
gas indicates the increase in passivation rate of phosphorus as a function of annealing
temperature, till the passivation rate attains saturation in the sample annealed at 400 °C.
At higher temperatures, a decrease in the concentration of phosphorous-hydrogen
complexes is observed due to the dissociation of these complexes and reactivation of
phosphorus under thermal effect.
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1. Introduction

explosion of research activity to study their impacts in
the technological environment, in particular, in the photovoltaic field [9, 10]. Also, the process of annealing in
forming gas (FG) is a widely established and industrially well-applied mechanism for passivating crystalline silicon films [11]. Capacitance-voltage (C–V)
measurement is an approved methodology to investigate the variation in dopants concentration in siliconbased Schottky diodes [12, 13]. In the standard manufacturing process for photovoltaic cells, hydrogen comes
mainly from the anti-reflective and passivating layer on
the surface of solar cell emitters [13, 14]. The realization of a high-efficiency photovoltaic cell is one of the
major problems that technologists are faced [15–18].

In the recent century, hydrogen has caused great
interest in semiconductors, especially silicon, with the
discovery that the incorporation of H has dramatically
improved the properties of Si [1, 2]. However, the
properties of hydrogen in silicon are still not well
understood [3–5]. This is mainly due to the complex
behavior of hydrogen in silicon and its ability to
passivate crystalline defects in it and react with dopant
to form inactive complexes [6]. A simple example that
remains under attention of researchers is the hydrogen
passivation of doping atoms in silicon, leading to an
increase in the resistivity of the material [7, 8].
The discovery of these phenomena causes a veritable
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Some researchers [19, 20] have reported that the
performance of many in expensive silicon solar cells
improves upon annealing in forming gas atmosphere
and that hydrogen is responsible for the improvement.
Consequently, it is essential to carry out researches in
terms of H diffusion and defect passivation in Si to
produce photovoltaic converters with better yields.
For polycrystalline material, a higher concentration
of defects at the grain boundaries would lead to lower
photovoltaic efficiency of a cell with an n+-p-p+
structure, as compared to that of monocrystalline silicon.
Therefore, several procedures were performed to
deactivate these defects by introducing hydrogen into
the n+-p-p+ cell. However, passivation of defects in polysilicon belongs to the n+-emitter region doped with
phosphorus [21]. To study the effect of the ambiance
under thermal annealing on phosphorus in hydrogenated
monosilicon is the main focus of this research, since it is
free from defects and can be used as a base material for
the Schottky diode. Using capacitance and voltage
measurements, phosphorus doping profiles are extracted
during the annealing process. Heat treatment at these
temperatures also leads to dissociation of hydrogendefect complexes and reactivation of defects. Moreover,
the effect of hydrogen on phosphorus deactivation of
various initial phosphorus concentrations was studied
and mentioned in our previous publication [22]. It has
been observed that the doping profile is never uniform
in silicon and especially at surfaces and interfaces due to
the introduction of hydrogen during hydrogenation
processes. Since the electrical properties of silicon can
be controlled by the type of dopant and doping profile.
However, the mechanism for neutralizing phosphorus in
silicon is still not clearly defined. Therefore, it is
interesting to see the effects of the environment of
thermal annealing on the mechanisms of passivation and
reactivation of phosphorus in monosilicon. The purpose
of this work is to investigate the thermal annealing
ambiance effect of phosphorus passivation and
reactivation in silicon-based Schottky diodes. The
microwave cyclotron electron resonance (MW-ECR)
system was employed to investigate the variability of
numerous diode operating parameters before and after
hydrogenation via C–V values.
2. Phosphorus
mechanisms

deactivation

and

H0 + e- ® H - ,

H0 + H0 ® H2 .

(3)
0

Migration of H species cannot contribute to the
neutralization of phosphorus atoms while the migration
of dissociated hydrogen as H–, followed by an interaction
of electrostatic origin between H– and P+ ions to form a
neutral complex of the hydrogen–phosphor (PH) type:
PH
H 0 + P + ¾¾
¾
® PH .

K

(4)

The thermal dissociation of the PH complexes is
expressed by the following initial reaction:
K¢

PH
PH ¾¾
¾
® P+ + H- .

(5)

Here, KPH (K’PH) represents the coefficient of mobile
hydrogen combination (dissociation) with phosphorus
atoms.
After this partial dissociation, H– absorbs a hole to
become H0, as follows:
H- + h+ ® H0 .

(6)

Therefore, for n-type silicon, hydrogen exists in two
associated states of charge, H– and H0. K¢PH represents
the coefficient of mobile hydrogen dissociation with
phosphorus atoms. These reversible reactions are
characterized by the diffusion coefficients DH- defined by
the following relation:
xH - = DH - × t H ,

(7)

where DH- is the diffusion coefficient of H–, xH- is its
diffusion depth, and tH – hydrogenation time.
The relative concentration of two associated states
of charge at the Fermi level can be determined by the
following relation:

[H ]
[H ]
0

é E - Ea ù
= exp ê F
ú.
ë k BT û

(8)

Here, Ea, EF, T, and KB represent the acceptor energy
level, Fermi level, temperature and the Boltzmann
constant, respectively.
At room temperature, if all the phosphorus atoms
are ionized, the concentration of active phosphorus is the
same as the total concentration of phosphorus. However,
after the hydrogenation process, the total concentration of
phosphorus is expressed as follows:

reactivation

Passivation and reactivation of phosphorus in silicon by
hydrogen is well ascertained, the mechanism by which it
occurs remains a more common focus of attention [23].
In the case of treatment in hydrogen plasma, the
mechanism of passivation of the phosphorus atoms
involves the change in charge from positive to negative
for hydrogen occurred at ambient temperature as it
follows.
H+ captures an electron to form H0, then H0 captures
second electron to produce hydrogen H– or capture
another H0 to form its molecule H2:
H + + e- ® H0 ,

(2)

[Ptotal ] = [P + ] + [PH ] .

(9)

Using the relation (9), evolution of the inactive
concentration of phosphorus can be expressed like that:

[PH] = [Ptotal ] - [P + ] .

(10)

Given that H0 and H– are mobile, the total flow of H
is caused by the individual contribution of H0 and H–
expressed according to Fick’s first law:

(1)
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The equation (19) can be also rewritten as

(13)

[PH ] .

(18)

where KS e0 = 11.7·8.85·10–1 F/m, A is the junction area
and w is the width of space load zone. KS and ɛ0 are the
dielectric constant of silicon and the permittivity of
vacuum, respectively.
The differentiation of the equation (18) with respect
to the voltage and the substitution of the term (dw/dV) in
the equation (17) give rise to the following equation:

The last term in the equation (11) returns to the
local density of free carriers and the combined electric
field. By solving the Poisson equation, n can be
determined.
Evolution of a diverse concentration can be
calculated through the following equation system:
¶ J H0 + J H¶[H ]tot
=¶t
¶x

K S e0 A
,
w

N A (w) = -

(14)

2
.
2
2éd 1 С ù
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ú
ëê dV úû

( )

(20)

Here, [H]tot is the total concentration of hydrogen
including [H0], [H–], [PH] and other trapped hydrogen
[T, H] available on surface defects in the form of
platelets due to damage caused by plasma [20].

Finally, the processing of the experimental data
related to the capacitance-voltage characteristic curve
with the equations (18), (19) or (20) is sufficient to
extract the doping profile.

3. C–V profiling of phosphorus n-type silicon

4. Experimental procedure

The C–V method describes the dependence of arial space
width on the applied reverse bias voltages that ultimately
decide the viability of metal/semiconductor structure
(Schottky diodes) or n+-p (p-n junctions) and metaloxide-semiconductor (MOS) [24]. In this section, the
derivations and equations required to extract doping
profile by the C–V method will be discussed briefly.

The samples were monocrystalline silicon films obtained
using the zone melting method (FZ) with the
crystallographic direction á100ñ and 300 µm in thickness.
They were in the form of square plates 15×15 mm2,
having received during their production 1015 cm–3 doping
in phosphorus of n-type (P-Si). On P-Si films, diodes of
Schottky structures have been developed. The silicon
films were first hydrogenated in the microwave discharge
reactor assisted by electron cyclotron resonance.
Discharged from the “Microsys 400 PECVD” reactor.
MW-ECR a schematic diagram of the experimental
apparatus is shown in Fig. 1.
The hydrogen gas was excited by 2.45-GHz
microwaves in the resonant chamber, to maintain the
ECR state the magnetic field was applied. The gas
pressure in the plasma was 0.6 Pa at a hydrogen (H2)
flow rate of 30 sccm2 and hydrogenation energy of
650 W. The duration and temperature of hydrogenation
varied from one to two hours and from 50 to 500 °C,
respectively. Thermal annealing of some samples was
performed in a (10% H2 + 90% N2) FG atmosphere for
the temperature range of 100 to 700 °C for 1 h. The input
MW power and reflection (<5%) were analyzed for all
cases. In the cooling phase, to avoid hydrogen diffusion,
the plasma was kept for 10…20 min until the substrate
temperature approaches 280 °C. They are cleaned in a
bath of hydrofluoric acid HF (2%) for 2 min followed by
rinsing with deionized water and finally dried under a
stream of nitrogen. On the hydrogenated faces, we have
applied a mask with square openings of 1×1 mm2 and
separated them from each other by a distance of 1 mm.

С=

dQs
,
dV

(15)

where dQs is the change in charge in the depletion spacecharge region, per unit area caused by a change dV in the
applied voltage.
Based on the semiconductor neutrality, the equation
can be approximated by:
dQs = qAN A (w) dw .

(16)

The combination of the equations (15) and (16) gives rise
to dNA /dV:
С=

dQs
= qAN A (w) dw .
dV

(17)

The equation (17) is obtained by neglecting the term
dNA /dV or by assuming it to be zero. This assumption
means that NA does not vary beyond the distance w.
The cause for dQs is primarily alterations in charges
associated with shallow donors near the depletion region
edge so that, under the depletion approximation and by
neglecting the contribution from deep states, the
depletion region capacitance can be expressed as [25]
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Fig. 2. Schematic of essential equipment used in C–V measurements of a Schottky diode.

We observe an increase in this profile over the depths
x ≥ 1.1 μm, giving rise to a flat distribution of
phosphorus. Formation of PH complexes at 100 and
250 °C (Figs 3b to 3c) becomes saturated after a
treatment period of one hour. At 400 °C (Fig. 3d),
formation of PH increases, but it is slightly elevated for a
hydrogenation period of two hours as compared to that of
one hour. However, at 500 °C (Fig. 3e), the rate of
phosphorus neutralization decreases, but it is even lower
in hydrogenated films for one hour as compared to that of
two hours. This observation can be explained by the
reactivation of neutralized phosphorus atoms followed by
PH bonds dissociation for one hour of hydrogenation
treatment. In this process, the released hydrogen diffused
out from silicon to the gas environment as reported
earlier [26]. The depth to which the dopants are
neutralized depends on the density of locations to which
the hydrogen can bind the temperature and the duration
of the treatment. For this, we have plotted variation of the
inactive concentration of phosphorus [PH] measured at
different depths of silicon as a function of the hydrogenation temperatures to examine the reactivation of
phosphorus and the difficulty of diffusion of hydrogen
into the bulk of silicon with the temperature increase.
The results are shown in Fig. 4.
Phosphorus deactivation rate at three different
temperatures 50, 400 and 500 °C is observed to be high
for hydrogenation treatment for one hour as compared to
that for two hours, as shown in Figs 4a, 4b. At the
temperatures of 100 and 250 °C, the rate of phosphorus
deactivation decreases relatively. At the interface of Si
Figs 4c–4e for T < 400 °C, a slightly reduced neutralization rate is observed for a hydrogenation period of two
hours as compared to that of one hour. On the other hand,
at T = 400 °C, the neutralization rate for the hydrogenation time of two hours is much higher as compared to
that for one hour probably due to the high concentration
of hydrogen atoms diffused into the bulk of silicon, since
platelets do not form at this temperature. Finally, at T =
500 °C, the instability of PH complexes and subsequently
their out-diffusion towards gaseous environment
outweighs the mechanism of bulk diffusion to the
detriment of a low rate of neutralization phosphorus.

Fig. 1. Schematic of the ECR-PECVD reactor used in this
study.

This step was followed by the introduction of the
samples into a Joule effect thermal evaporator to deposit
a layer of gold (Au), with a cross-section of 1×1 mm2 and
0.1-μm thick, on the one hand, through the openings of
the mask and, on the other hand, completely cover the
non-hydrogenated rear face with a layer of aluminum
(Al) 0.1-µm thick. At the end of this process, Schottky
diodes of Au/P-Si structures were developed with a back
contact of Al. The donor profile (electrically active) was
obtained through C–V measurements at the frequency
close to 1 MHz at room temperature by using a
computer-assisted LCR meter, as shown in Fig. 2.
5. Results and discussions
5.1. Phosphorus deactivation and reactivation
dependent on hydrogenation temperature and
duration of the process
The deactivation and reactivation of phosphorus depend
on duration of MW-ECR plasma hydrogenation. The
influence of duration of MW-ECR plasma hydrogenation, varying from one to two hours, on the profiles
of phosphorus in monocrystalline silicon á100ñ and of
concentration 2·1015 cm–3 was analyzed, at the process
temperatures 50 to 500 °C, as shown in Figs 3a to 3e.
It is clear that the duration of hydrogenation used in
this study has little influence on the depth of phosphorus
deactivation, while the rate of neutralization is
distinguished by the hydrogenation temperature.
At T = 50 °C (Fig. 3a), formation of phosphorushydrogen complexes becomes saturated at the depth
close to Xe = 1.1 μm after the treatment period of one
hour. However, near the surface (x ≤ 1.1 μm) there is a
decrease in the doping profile depicting a reduced active
phosphorus concentration, probably due to formation of
phosphorus-hydrogen complexes during the hydrogenation of the films of monosilicon for two hours.
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Fig. 3. Profile of active phosphorus concentration in hydrogenated Schottky diodes on FZ-Si doped at 1015 cm–3 for different
temperatures.

Although the plasma composition of the MW-ECR
system was not examined, it has been already reported
that H+ is the predominant type in hydrogen plasma [27].
The differences in the velocities of ions and electrons
give rise to the electrostatic sheath, with the contrasting
magnetic field, induce the movement of H+ ions towards
the surface of the sample, in contact with the plasma
[28]. Numerous studies [29, 30] have shown that hydrogen really exists in three associated states of charge,
(H+, H0 and H–), and it is in its atomic form mobile
in silicon at room temperature and highly reactive.

Formation energies of these three states of charge depend
on the position of Fermi level within the forbidden band
[31]. In n-type silicon, the H– charge state is favored and
acts as an electron acceptor [32]. The work of Reizk et al.
[33] has shown that the confinement of atomic hydrogen
defaults in particular by phosphorus atoms and the
disappearance of atomic hydrogen due to formation of
hydrogen molecules. Likewise, the neutral hydrogen H0
configuration does not appear to be energy stable,
whatever the position of the Fermi level. Neutralization
of phosphorus in crystalline silicon occurs preferentially
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Fig. 4. Inactive phosphorus concentration vs hydrogenation temperature at the depths d (µm): 0.8 (a), 1.0 (b), 1.2 (c), 1.4 (d),
1.6 (e).

via H– ions. For this reason, a large part of hydrogen H+
from the plasma is converted first into H0 by gaining one
electron (H+ + e– → H0) and then into H– after gaining
another electron (H0 + e– → H–), moreover, due to
Colombian attraction forces, H– ions are attracted to
ionized donor P+ atoms to give rise to neutral complexes
(H– + P+ → PH), therefore, this causes a decrease in the
electrical activity of dopants [34]. Molecular hydrogen
H2 has been proposed by some experimental studies [35,
36] to play an important role in the diffusion of hydrogen
in Si and the complex reactions of hydrogen with
dopants. During the process of hydrogen H0 formation,

the latter can diffuse into silicon bulk or can interact
with another H0 to create the hydrogen molecule
(H0 + H0 → H2) [37]. This latter possibility is widely
favored following the very weak diffusion of H0 in
silicon as compared to those of H+ and H– ions [38].
Other studies [39, 40] have shown that the molecular
hydrogen H2 appears in platelets located in the lower
layer near the silicon surface. Similar results were
obtained by Huang et al. [41]. The observations revealed
that the size of these platelets depends on hydrogen
diffusivity in silicon, although the platelet formation
reduces the hydrogen diffusivity.

Belfennache D., Madi D., Yekhlef R. et al. Thermal annealing ambiance effect on phosphorus passivation…

383

SPQEO, 2021. V. 24, No 4. P. 378-389.
2.50

TH-,
°C
50

Xe ,
μm
0.7835

DH-,
cm2/s
1.7052·10–12

Xe ,
μm
0.8020

DH- ,
cm2/s
8.933·10–12

100

0.7960

1.7600·10–12

0.7433

1.5347·10–12

250

0.7804

1.6917·10–12

0.7558

7.933·10–12

400

0.7342

–12

1.4973·10

0.6538

–12

5.936·10

500

0.6137

1.0461·10–12

0.6173

5.294·10–12

(a)

-3

tH = 2 h

15

tH = 1 h

Active donor concentration (10 cm )

Table 1. Hydrogen diffusion coefficients at different
hydrogenation temperature and duration of the process.
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This phosphorus passivation by hydrogen is
governed by not only the chemical reactions between two
species but also by different phenomena like hydrogen
diffusivity in the bulk as H– and favors the chemical
reactions to obtain the PH complexes. The diffusion
coefficients corresponding to the depth Xe have been
calculated by relation (7) to prove these arguments. The
results are listed in Table 1.
It has been observed that for a hydrogenation period
of one hour, a relatively higher coefficient of hydrogen
diffusion is obtained as compared to that for two hours,
which resulted in deep hydrogen penetration into silicon
films as it is confirmed by C–V measurements. These
results are strongly correlated with those reported earlier
[30, 42].
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5.2. Effect of thermal annealing under forming gas
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Thermal annealing in the FG environment and presence
of ambient molecular H2 provide deep diffusion of
hydrogen, since the diffusivity of molecular hydrogen is
known to be extremely low, so it is nevertheless essential
for diffusion of hydrogen inside the bulk of Si and
subsequent passivation there. In this section, the
influence of thermal annealing under the forming gas,
which annealing temperature was varied from 100 to
700 °C for 1 hour, on active phosphorous in hydrogenated samples at 400 °C for one hour. Figs 5a, 5b show
the depth profiles for the active donor concentration in
the FZ-Si Schottky diodes at different annealing
temperatures.
It is clear from Fig. 5a that reduction in active
phosphorus concentration at all depths takes place with
the increase in the annealing temperature up to 400 °C,
which means that for the same quantity of hydrogen
diffused in monosilicon, the concentration of deactivated
phosphorus is pronounced for higher annealing
temperatures. However, Fig. 5b shows that after
annealing at 500 °C, the increase in the profile for the
depths < 1 μm indicated that annealing accelerated
dissociation of PH complexes in the region close to the
surface with a slight increase in the bulk activated donor
concentration. Whereas higher annealing temperatures
again result in deactivation rate values close to the nonhydrogenated test profile. This can be attributed to the
desorption of hydrogen at temperatures above 600 °C,
indicating the breaking of a large part of the PH bonds
present at the interface or on the surface of the samples.

Fig. 5. Active donor concentration profiles as a function of
depletion depth at various annealing temperatures.

The obtained results show that the thermal dissociation of
PH complexes is strongly described by the PH = P+ + H–
reaction and therefore the unambiguous existence of H–
species in n-type silicon. Moreover, the effect of high
annealing temperature is probably remarkable on the
dissociation rate of PH complexes observed in Schottky
diodes.
Fig. 6 validates the arguments made in the previous
paragraphs. Indeed, the low deactivation rates obtained
between 100 and 300 °C results from hydrogen diffusion
in the silicon bulk. This hydrogen is trapped in platelets
close to the surface of silicon. At the annealing
temperature 400 °C, the absence of platelets close to the
surface resulted in high deactivation rates and
consequently, diffusion of maximum hydrogen atoms in
the bulk gives rise to the saturation of PH complexes.
However, for the annealing temperatures 500 and 600 °C,
instability of PH complexes observed due to outdiffusion of hydrogen in the gaseous environment leads
to the detriment of a slight decrease in the rate of
phosphorus neutralization. Finally, the low rate of
phosphorus neutralization was obtained at the
temperature 700 °C mainly due to the out-diffusion of
hydrogen and dissociation of PH complexes. This result
is similar with the results reported in [42, 43].
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PH complexes, which undergoes a weak drift force
compared to a clearly significant drift from the surface.
Migration of H0 species may not contribute towards
evolution of the profiles, however, migration of
dissociated hydrogen as H– simply explains the behavior
of PH complex recombination observed in Si bulk
[49, 50].

-3

Inactive donor concentration (10 cm )

0.8

15

0.7
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5.3. Diffusion of hydrogen under annealing with the
forming gas

0.2

Considered in this section is a view of the hydrogen
diffusion coefficient (DH-) under a FG atmosphere and its
dependence on the annealing temperature. Table 2 shows
the calculated diffusion coefficient values of our samples
corresponding to the depth (Xe) by using the relation (7).
It is observed that a high hydrogen diffusion
coefficient is obtained for samples at the annealing
temperature T = 300 °C, which confirms deep penetration
of hydrogen H into the bulk of our silicon films
registered in our C–V measurements. A low hydrogen
diffusion coefficient was obtained for the samples at
400 °C. This phenomenon is mainly caused by the rate of
combination between hydrogen and phosphorus, to form
electrically inactive complexes (PH), which attains its
maximum at this temperature, as already mentioned
above (Fig. 6). Through these observations on the values
of the diffusion coefficients, we can clearly explain the
mechanism of hydrogen diffusion under FG
environment, which can take the following three phases:
dissociation of the gas molecules at the surface
temperatures above 200 °C, adsorption of the hydrogen
atoms thus released by the surface of the crystal and
diffusion in the bulk, and hydrogen can also combine
with phosphorus to form electrically inactive (PH)
complexes that are unstable at the annealing temperatures
above 500 °C, and subsequently their out-diffusion to the
gaseous atmosphere prevails over the mechanism of bulk
diffusion, and consequently weak formation of the PH
complexes takes place. In this stage, our results greatly
contribute to answer the question raised in Ref. [51]
regarding the annealing in FG which is: how the
annealing in FG, the molecular perimeter of H, led it to a
deep diffusion of H given the fact that the diffusion of
molecular hydrogen is known to be very low?
Finally, the values of the obtained diffusion
coefficients are of the same order of magnitude as those
cited in Refs. [30, 42].

0.1
0.0

0

100

200
300
400
500
600
Annealing temperature (°C)

700

800

Fig. 6. Inactive donor concentration at the depth close to
1.6 µm as a function of annealing temperature.

Indeed, it is accepted that annealing under gas flow
can cause the adsorption of gas molecules. The
probability for this adsorption to occur on the surface of a
single crystal at room temperature is low, the hydrogen
molecules must be first dissociated for adsorption to
occur by working at the temperatures > 200 °C. This
absorption phenomenon is all the more marked in doped
silicon, given the emergence of dopants on the surface,
which accentuates the absorption surface and accelerates
penetration of hydrogen [44]. After implantation and
diffusion into silicon, hydrogen is present in its atomic
form and can bind to a dopant or segregate on
interstitials. Citing Ben Amor et al. [45], diffusion of
hydrogen, passivation by hydrogen could result in
formation of Si–H or Si–H2 complexes. This behavior
indicates that the treatment of sample in substrate
temperature of 350 °C reduces hydrogenation of the
deposited ﬁlms, which suggests that at high temperatures
the energy at the surface of substrate reduces the stability
of Si–H bonds and Si–H2. The saturation of pendant
bonds with hydrogen has of course been proposed, but it
is not compatible with the instability of the bonds
observed during annealing at temperatures above 400 °C.
The analyzed profiles of hydrogen in silicon validate the
argument that at a higher annealing temperature, higher
quantity of hydrogen atoms diffuses into the silicon
lattice, and silicon exposure to the hydrogen plasma
within the temperature range 100 to 250 °C results in
formation of platelets. Formation of these defects also
manages to make effective barriers to prevent diffusion
of hydrogen into the silicon bulk during thermal
annealing. Literature suggests that, for the annealing
temperature close to 250 °C, the low density of platelets
is achieved and, for temperatures around 450 °C, the low
efficiency of the phosphorous neutralization is reached
[46, 47]. N.M. Johnson et al. explained the instability of
PH complexes and out-diffusion of hydrogen atoms
although linked to the dopant by Coulomb attraction
[48]. The obvious interpretation of the profiles observed
at very high temperatures (T ≥ 500 °C) is the release
of monoatomic hydrogen during thermal dissociation of

Table 2. Hydrogen diffusion coefficients at different annealing
temperatures (Ta).
TH-, °C

Xe , μm

DH-, cm2/s

100
200
300
400
500
600
700

0.7957
0.7928
0.8561
0.6839
0.7777
0.7656
0.7052

1.7587·10–12
1.7459·10–12
2.0358·10–12
1.2992·10–12
1.6800·10–12
1.6281·10–12
1.4766·10–12
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6. Conclusion

6.

Revealed in this work is the effect of thermal annealing
ambiance on phosphorus passivation and reactivation in
the silicon-based Schottky diodes, and it shows that
hydrogen deactivates phosphorus at a particular
annealing temperature. After saturation, a further
increase in annealing temperature reactivates phosphorus
in the starting material. The analysis reveals that
hydrogen diffusion in silicon causes the neutralization of
phosphorus and can even produce hydrogen molecules
forming platelets close to the silicon surface at
hydrogenation temperatures between 50 and 100 °C, and
subsequent diffusion of hydrogen in the bulk weakens.
Moreover, it has been observed that the phosphorus
passivation rate remains homogeneous over all the depths
measured at T = 400 °C. The thermal annealing in
forming gas indicates that the phosphorus passivation
rate increases with the annealing temperature up to
saturation at 400 °C. At high temperatures, a decrease in
the concentration of PH complexes due to their
dissociation leads to reactivation of phosphorus under
thermal treatment. Consequently, at this stage, the
mechanisms of passivation and reactivation of
phosphorus in silicon have been ascertained.
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Вплив атмосфери при термічному відпалі на механізми пасивації та реактивації фосфору в діодах
Шотткі на основі кремнію, гідрогенізованих плазмою мікрохвильового циклотронного електронного
резонансу
D. Belfennache, D. Madi, R. Yekhlef, L. Toukal, N. Maouche, M.S. Akhtar, S. Zahra
Анотація. Основною метою даної роботи є дослідження впливу термічного відпалу при утворенні газової
атмосфери на механізми дезактивації та реактивації фосфору в діодах Шотткі на основі кремнію. По-перше,
потужність мікрохвильової плазми, початкова концентрація фосфору у зразках та потік водню були
зафіксовані відповідно 650 Вт, 1015 см–3 та 30 куб. см для дослідження поведінки різних робочих параметрів
діодів, зокрема тривалості та температури гідрогенізації. По-друге, декілька зразків, гідрогенізованих при
400 °С протягом 1 години, відпалювались в атмосфері формуючого газу (10% H2 + 90% N2) у діапазоні
температур від 100 до 700 °С протягом 1 години. Профілі концентрації активного фосфору контролювали
шляхом оцінки зміни концентрації фосфору після гідрогенізації або термічного відпалу в середовищі
формуючого газу шляхом вольт-ємнісних вимірювань. У результаті отримано значення температури та
тривалості гідрогенізації, що в кінцевому підсумку продемонструвало складну поведінку фосфору та водню в
кремнії. Однак швидкість пасивації фосфору є однорідною на всіх глибинах, виміряних при 400 °C. Термічний
відпал у формуючому газі свідчить про збільшення швидкості пасивації фосфору як функції температури
відпалу, поки швидкість пасивування не досягне насичення у зразку, відпаленому при 400 °C. При більш
високих температурах спостерігається зменшення концентрації фосфорно-водневих комплексів через
дисоціацію цих комплексів та реактивацію фосфору під дією теплового впливу.
Ключові слова: пасивація фосфору, гідрогенізація плазмою, термічний відпал, формуючий газ.
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