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Abstract
Current work reveals the deactivation mechanism of phosphorus in silicon-based Schottky diodes. Microwave plasma power
(PMW) was fixed at 650 W to observe the variation in different operational parameters of diodes such as initial phosphorus
concentration, flux and hydrogenation temperature (TH) and process time (tH). The analysis of variation in concentration
of phosphorus by hydrogenation has been carried out by capacitance–voltage (C–V) measurements to monitor the doping
activation/deactivation. The results clearly show that the atomic species H+ is dominant in the reactors MW-ECR plasma.
Therefore, the rates and depth of neutralization were obtained in the low phosphorus-doped silicon sample. The H+ becomes
H0 and prefers an interaction with another H
 0 instead of gaining an electron to become a negative ion. The hydrogenation
temperature study indicates that the deactivation rate of phosphorus is achieved in a complex manner. Indeed, as the hydrogenation temperature increases, deactivation of phosphorus also increases till saturation at 250 °C. At higher temperature,
low or even no phosphorus–hydrogen complex exists due to their thermal dissociation. The same behavior was confirmed
by long hydrogenation.

1 Introduction
The presence of hydrogen in silicon leads to formation
of new defects, therefore, these defects have been studied
deeply [1–4]. Furthermore, the effect of hydrogen on donor
passivation is an important technological parameter to study
[5]. Intense efforts have been devoted to defects passivation
to improve the electrical properties of silicon-based devices
[6]. In fact, hydrogenation treatments typically in hydrogen plasmas are usually employed [7–11]. However, the
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diffusion of hydrogen in phosphorus-doped silicon greatly
modified the doping impurity profiles followed by the formation of phosphorus–hydrogen (PH) complexes [12–16]. Furthermore, this kind of diffusion results in formation of planar defects [17, 18], and passivation centers in silicon [19,
20]. Capacitance–voltage (C–V) measurements are a wellestablished mechanism to study the variation in dopant’s
concentration in silicon-based diodes [21, 22]. Formation
of n+p junction is subject to incorporation of phosphorus
impurity due to the electrically active persistence of impurity and defect concentration even after crushing processes.
In silicon-based solar cells, hydrogenation of n + side is a
well-known technique to pass the impurities and defects.
However, the reduction in defects passivation efficiency has
been observed in this case owing to hindrance in hydrogen
diffusion throughout the sample [23]. In the n+pp+ silicon
photovoltaic structures exposed to the H flux, the amount
of hydrogen introduced into the p region is greatly reduced
by the presence of a phosphorus-doped n + layer [24–27]. In
addition, the photovoltaic efficiency of an n +pp+ cell made
of polycrystalline silicon is much lower than that of monosilicon because of the high concentrations of defects, especially at the grain boundaries of the polycrystalline material. Therefore, several attempts have been made to passivate
these defects through the introduction of hydrogen into the
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n+pp+ cell [9, 11, 27]. Nevertheless, the n + emitter region,
doped with phosphorus, plays an important role in the efficiency of passivating defects in polysilicon. For this reason,
our approach is to examine the process of phosphorus deactivation in monosilicon since it is free of defects and is easy
to use as a base material for Schottky diodes, then extract
the phosphorus doping profile before and after hydrogenation of these Schottky diodes through capacitance–voltage
measurements. The experimental conditions of hydrogenation that we have examined are necessary since they have a
great influence on the defects passivating efficiency within
the mono crystalline silicon.
On the other hand, the effect of hydrogen on the deactivation of phosphorus has been studied for initial phosphorus
concentrations close to 1 015 atoms/cm3 as reported elsewhere in our report [28]. It is observed that at particular
resistive depth in silicon-based Schottky diodes, the formation of hydrogen molecules (platelets) deactivates the phosphorus. There is no deep study reported about the initial
phosphorus concentration levels, thus it is interesting to see
the effects of hydrogenation on the deactivation of phosphorus for initial phosphorus concentrations close to 1 017 atoms/
cm3.
Herein, we report a deactivation mechanism for phosphorus impurities in silicon-based Schottky diodes. Microwave
plasma electron cyclotron resonance system (MW-ECR) has
been used to monitor variation in several operating parameters of diode as a function of change in capacitance–voltage
values, before and after the hydrogenation.

temperature, complex formation seems negligible since
dissociation rate is much faster than the combination rate.
More precisely, it is found that PH complex breaks up below
100 °C in the dark and at room temperature under illumination [14].
The relative concentration of H
 − and H
 0 relates to the
position of the local Fermi-level, is given by the following
equation [29]:

[H− ]
[H0 ]

= exp[(EF − Ea )∕KB T],

(3)

where Ea is the acceptor energy level, EF is the Fermi energy
level, KB is the Boltzmann constant, and T is temperature.
By considering that all the phosphorus atoms are ionized
at room temperature, the active phosphorus concentration
will be the same as that of the total phosphorus doping concentration. However, after adding the hydrogen, the total
phosphorus concentration expression is given as:
[
] [ ]
PTotal = P+ + [PH].
(4)
Therefore, the evolution of phosphorus deactivation concentration can be expressed as:
[
] [ ]
[PH] = PTotal − P+ .
(5)
The equation for concentrations of neutral complex PH
[29]:
�
𝜕[PH]
= KPH [P+ ][H− ] − KPH [PH].
𝜕t

(6)

2 Phosphorus deactivation mechanism

3 C–V measurement technique

The most commonly reported mechanism of phosphorus
deactivation by means of hydrogen is that by which an electrically inactive complex involving phosphorus and hydrogen (PH), was created [12–16]. In n-type silicon, hydrogen
can be present in two different charge states H0 and H−, and
the combination–dissociation process of the PH complex can
be described by the following reaction [29]:

C–V measurement is an efficient method which exploits
the dependence of the space-charge region width on the
applied reverse-bias voltages. Based on the fact that the
space-charge region is free of free charge carriers (electrons
and holes) and contains only ionized dopants, the variation
of the applied reverse voltage provides information on the
internal characteristics of the semiconductors, such as the
doping profile and the density of electrically active defects
[30]. To extract the doping profile using the C–V method,
we used the HP4192A Impedance Analyzer to perform the
capacitance measurements.
This instrument has an integrated power supply capable
of providing the required bias voltage for the Schottky diode.
In practice, it is controlled by a computer through an environment of laboratory instrumentation and programming
language in Laboratory Virtual Instrumentation Engineering Workbench (LABVIEW). The computer is connected
to the impedance analyzer through General Purpose Interface Bus (GPIB) cables for control and control of capacity
measurement operations. In addition, via coaxial cables,

KPH

H− + P+ ⇄ PH,

(1)

�
KPH

where KPH is the coefficient of mobile hydrogen combina′
tion with phosphorus atoms given by Eq. 2, while KPH
is the
dissociation coefficient [29].

KPH = 4𝜋rc DH− ,

(2)
represent the

rc is the coulomb capture radius, and DH
diffusivity.
The combination–dissociation reactions take place
simultaneously. Usually, at low temperature, combination and complex formation are dominant, whereas at high
−

13

Page 3 of 9

Mechanism for phosphorus deactivation in silicon-based Schottky diodes submitted to MW-ECR…

the impedance analyzer is connected to a measuring support HP16055A which is equipped with a microscope for
the perfect positioning of the measuring tips on the sample
inside an armored cage to protect it from electrical and light
disturbances. Most of the C–V measuring device is illustrated in Fig. 1.
After a period of 15 min, necessary for the stabilization
of the measuring equipment, the polarization of the Schottky
diode was carried out at ambient temperature under voltages ranging from 0 to − 5 V with a step of − 0.1 V and a
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frequency of 1 MHz. The program dedicated to the measurement of capacity corresponding to the applied voltage
Cmeas = f (Vappl) then saves the results in the form of data files
to be then processed and analyzed in Origin 6.0 graphics
software to extract and plot the doping profile according to
the following equations [29]:

w=

KS 𝜀0 A
,
C

(7)

where KS 𝜀0 = 11.7 × 8.85 × 10−12 Fm−1, A is the surface
of the junction and w is the width of the space charge region.
KS and 𝜀0 are respectively the dielectric constant of the silicon and the vacuum permittivity [29].

NA (w) = −

C3
qKS 𝜀0 A2

(

dC
dV

).

(8)

4 Experimental procedure

Fig. 1  Essential equipment used in C–V measuring of a Schottky
diode

Figure 2 shows an illustration of the “ECR-PECVD” reactor that we used to perform the hydrogenation experiments. It consists of a cylindrical stainless-steel chamber
(200 mm × 350 mm), an airlock for loading and unloading samples, an ultra-vacuum pump system, a microwave
source of 2.45 GHz excitation frequency, a radio frequency

Fig. 2  Schematic view of the
ECR-PECVD reactor used in
this work
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generator (13.56 MHz), and a heating substrate support.
All these parts are controlled and piloted by a programmable logic controller (PLC).
The reactor chamber consists of two aligned and in contact compartments whose walls are cooled by a flow of
water. The first compartment is located in the upper part of
the chamber below a quartz window separating it from the
waveguide, carrying microwave excitation of a frequency of
2.45 GHz with variable powers ranging from 100 to 650 W.
It is surrounded by magnetic coils traversed by a current of
5 A allowing the creation of 0.0875 T magnetic field in a
resonance zone. This field is used for the implementation of
microwave-assisted plasma assisted by electron cyclotron
resonance. The entrance of the plasma gases (Ar, H
 2, NH3
and N2) is placed upstream of the plasma excitation zone.
On the other hand, the second compartment which is located
in the lower part of the chamber and called the deposition
chamber, is used for radiofrequency discharges and the
confinement of free species of plasma gases. It contains a
circular electrode (radio frequency antenna) through which
the reactive gases ( SiH4, NO2) arrive at the deposition zone,
and a graphite substrate of 150 mm diameter, connected to
ground and heated by an electrical resistance. The temperature of the substrate is measured by a pyrometer placed
directly under the sample and in the middle of the graphite
substrate. A lock valve separates this compartment from the
chamber for loading and unloading samples without losing
the secondary vacuum of the reactor chamber. The vacuum
in the airlock is achieved by a mechanical pump. Finally,
the by-products of the chemical reactions are evacuated by
means of a turbo-molecular pump, purged by a flow of nitrogen to protect its most sensitive parts [31].
The plasma gas pressure was taken to 0.6 Pa at a microwave plasma power (PMW) of 650W, and the hydrogen flux
(H2) was changed in the range 30–50 sccm. The hydrogenation (substrate) temperature (TH) and hydrogenation
time (tH) were varied from 50 to 500 °C and 15 to 90 min,
respectively, to monitor the reflection (< 5%) and input
power (MW). In the cool down phase, outward diffusion
of hydrogen was controlled by maintaining the plasma for
10–20 min till the temperature of substrate approaches to
280 °C. Monocrystalline silicon substrates [100] having a
dimension of 1 cm2 and thickness of 280 µm doped with different concentration. The substrates were cleaned in methanol, acetone and trichloroethylene (TCE). Diluted hydrofluoric (HF) acid was used to remove the native oxide from the
substrate surface which was then rinsed with deionised water
and dried in nitrogen flux. MW-ECR plasma system was
used for hydrogenation of wafers followed by deposition of
gold contacts (1 mm) with the help of shadow metal mask.
Before C–V measurements, aluminum was deposited as
ohmic contact on rear side of the Schottky diode. Computerassisted digital LCR meter was used for C–V measurements
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at 1 MHz and at room temperature to study the profile of
active donor concentration.

5 Results and discussions
5.1 Initial phosphorus concentration effect
on phosphorus deactivation
The effect of hydrogen plasmas obtained by electron cyclotron resonance (MW-ECR) microwave discharges on the
doping profiles of monocrystalline silicon films having different concentrations are shown in Fig. 3, at a fixed microwave power, hydrogenation temperature and duration of the
process. The uniform phosphorus concentrations in the nonhydrogenated control samples are also reported. Figure 3
shows that the phosphorus deactivation depth decreases as
the initial phosphorus concentration increases. In fact, this
depth goes from 0.75 µm for an initial phosphorus concentration of 2 × 1015 cm−3 to 0.15 µm for an initial phosphorus concentration equal to 1017 cm−3. In addition, it can be
observed from Fig. 3a that the phosphorus deactivation rate
is almost uniform over all neutralization depths. However,
for concentrations that exceed 2 × 1015 cm−3 (Fig. 3b–d),
close to the device surface, we noticed an inclination of the
doping profiles which confirms a decrease in the concentration of activated phosphorus probably due to accelerated
formation of PH complexes, whereas in regions far from the
surface, a slight decrease in active phosphorus concentration
has been noted.
It is observed that for a particular amount of hydrogenation, the concentration of neutralized phosphorus in silicon
is directly proportional to the concentration of phosphorus.
The inactive concentration of phosphorus (NIn) measured at
a depth of Xe in silicon as a function of initial phosphorus
is shown in Fig. 4, which helps to estimate the difficulty in
outward diffusion of hydrogen. At higher concentrations of
phosphorus, the NIn tends to saturate.
The charge of hydrogen in silicon depends on the position of Fermi level in the band gap and can be described by
sheath potential appeared due to the difference in velocities of ions and electrons [32]. It is well-known that the
main species in plasma is H+ which affects the substrate
surface due to magnetic field and sheath potential [33, 34].
It is also assumed that the change in charge of hydrogen
occur at ambient temperature from positive to negative [35,
36]. In addition, the capture of electron is possible to produce negatively charged hydrogen or capture of another H0
resulted in the formation of its molecule [36]. The formation of molecular hydrogen is possible in n-type silicon due
to high scattering coefficients of positively and negatively
charged hydrogen. These molecules appear as platelets at the
layer underneath [37–40]. Since platelet nucleation occurs
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Fig. 3  Profiles of active phosphorus concentration in hydrogenated Schottky diodes on FZ-Si doped at concentrations Np: a 2 × 1015 cm−3, b
8 × 1015 cm−3, c 4 × 1016 cm−3 and d 1 × 1017 cm−3
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at phosphorus sites which enhances the concentration of
phosphorus in silicon and ultimately resulted in more platelets [41]. Huang et al. proposed that the size of the platelets
extensively depends upon the diffusivity of the hydrogen
into the sample although formation of platelets reduces the
diffusivity of hydrogen [42]. Higher the concentration of
phosphorus, higher will be the densities of hydrogen atoms,
as a result, more deactivation of phosphorus would be possible. However, at low donor concentrations, deep diffusion of
hydrogen will be possible due to the formation of platelets at
smaller amounts. At these concentrations, deep deactivation
of donor within the silicon would be possible. These results
show that the deactivation of phosphorus by hydrogen is
not only governed by the chemical reaction between the two
species but also by other phenomena such as the ability that
hydrogen diffuses in volume and is present in H− atomic
form in chemical reaction-promoting sites to form the PH
complexes. To validate these arguments, coefficients were
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Table 1  Hydrogen diffusion coefficients with different phosphorus
concentrations
Xe (µm)

DH− (cm2 s−1 )

2 × 1015
8 × 1015
4 × 1016
1 × 1017

0.75
0.58
0.25
0.15

1.56 × 10− 12
9.34 × 10− 13
1.73 × 10− 13
6.25 × 10− 14
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Fig. 5  Active phosphorus concentration profiles as a function of
depletion depth at various hydrogen flux

computed for three samples at Xe depth through the relation
Xe = (DH− × tH )0.5 where DH− and tH are the diffusion coefficient of H
 − and duration of hydrogenation, respectively.
Table 1 reveals that the presence of phosphorus inversely
affects the diffusion coefficient ( DH−) specifically for n-type
silicon due to the formation of hydrogen–phosphorus complexes. These observations are in close agreement to those
reported in literature [28, 29, 42].

5.2 Effect of the H2 flux
The variation of hydrogen gas flow induces a change in the
degree of ionization of the plasma. In other words, the high
flux gives rise to a high density of H
 + available to diffuse by
volume of the silicon. The flux effects on the active phosphorus concentration in monocrystalline silicon concentration are shown in Fig. 5. It is observed that the phosphorus
deactivation rate decreases with increasing H2 flux while the
corresponding neutralization depth remains insensitive as
shown in Fig. 6. This result appears at first glance contradictory because at the flux 50 sccm, the density of the atomic
hydrogen H+ greatly exceeds that obtained at the flux 30
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sccm. Nevertheless, phosphorus deactivation is ensured by
the presence of H− ions in the silicon.
Hydrogen in n-type silicon occurs in two atomic forms:
H− and H
 0 [43]. Only H
 − type hydrogen can bind to phosphorus. According to this model, hydrogen H+ from plasma
MW-ECR must first convert to H0 by gaining an electron
and then in H
 − by gaining a second electron. Nevertheless,
intermediate mechanisms at both states H
 0 and H
 − may take
place in addition to the formation of H
 −. Indeed, during the
0
formation of hydrogen H , the latter can diffuse in the volume of silicon or interact with another H0 to form molecular hydrogen H
 2 (platelets). The diffusion of H0 by volume
is probably not to be discarded and remains to be verified.
Nevertheless, the formation of H
 2 appears to be the most
favorable path to explain the results of Figs. 5 and 6. The
probability of finding H0 atoms close to each other is largely
favored at high flux of H2, since the majority of electrons
have been used to form H0 and thereafter low neutralization of phosphorus. At low flux, on the one hand, there will
be atoms of H
 0 very far from one another and moreover a
considerable concentration of electrons which are close to
interacting with the atoms of H0 to give rise to the atoms
of H− and thereafter high neutralization of the phosphorus.
Moreover, the insensitivity of the depth of diffusion shows
in turn that another mechanism close to the surface can take
place. Indeed, it is probably the interaction of H
 − with H
 +
which gives rise to the formation of H
 2. This mechanism,
according to our point of view, favors the formation of platelets which in turn prevents the neutralization of phosphorus
and especially high H2 fluxes.

5.3 Effect of the hydrogenation temperature
The effect of the hydrogenation temperature in the range
50 °C–500 °C on the doping profiles of phosphorus in silicon is shown in Fig. 7. The hydrogenation temperature, in
turn, reveals such complex behaviors. Indeed, as the hydrogenation temperature increases, the neutralization of the
phosphorus increases to saturation at 250 °C. At temperatures of 400 °C and 500 °C, PH complexes cannot be formed
due to their thermal dissociation. In this case, hydrogen out
diffuses.
According to the other presentation, we have the first one
which is the SIMS measurements presented in [44–46]. It
is mentioned that the increase in the hydrogenation temperature induces an increase in the quantity of hydrogen
atoms introduced into the silicon network, as the exposure
of silicon to hydrogen plasma results in the near-surface
preferential formation of defects called platelets in the temperature range from 100 to 150 °C. Once these defects are
formed, they become effective barriers to prevent hydrogen diffusion in silicon bulk during processing in hydrogen
plasma. According to the results obtained by [45], in which
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Fig. 6  Phosphorus concentration vs. hydrogen flux at depths d: a 1.0 µm, b 1.2 µm, c 1.4 µm, d 1.6 µm

Fig. 7  Profiles of active donor concentration in samples hydrogenated
at different temperatures

temperatures close to 250 °C, reveals a weakening of the
platelet formation, consequently a fairly deep enough diffusion of the hydrogen by volume of silicon. The last one is the
reduced phosphorus deactivation efficiency at high temperatures of 450 °C has been widely reported [46]. It is explained
by instability of the PH complexes and an out-diffusion of
the hydrogen from the volume of silicon towards the gaseous atmosphere. Thus, and considering the results presented
previously, we can confirm that the low deactivation rates
obtained at temperatures of 50 °C and 100 °C are mainly
due to small quantities of hydrogen introduced into the silicon volume since the hydrogen is trapped in the form of
platelets close to the silicon surface. The high deactivation
rates, recorded at 250 °C, are probably due to a low formation of platelets near the silicon surface and consequently, a
high quantity of hydrogen atoms is diffused in volume which
gives rise to the formation of PH complexes. The instability
of the PH complexes at high temperatures probably favors
the out-diffusion of hydrogen in the gaseous atmosphere to
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those of 15 min, 30 min and 45 min is probably due to the
high concentration of hydrogen atom diffused in silicon bulk.
At the duration of tH ˂ 60 min, the density of the H0 compared
to the concentration of the electron is low. Consequently,
H0 absorbs an electron from the surface to become H− followed by phosphorus deactivation, i.e., H0 + e− → H− and
H− + P+ → PH. With increasing hydrogenation time, enormous phosphorus deactivation is observed. However, at
hydrogenation time greater than 60 min, the formation of
hydrogen molecules is evident rather than H−.
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Fig. 8  Profiles of active donor concentration in samples hydrogenated
at different times
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Fig. 9  Inactive phosphorus concentration vs. hydrogenation time at a
depth of 1.6 µm

the detriment of a very weak or even a lack of neutralization
of phosphorus.

5.4 Effect of the hydrogenation time
To understand the formation of phosphorus–hydrogen complexes and defect passivation, the effect of hydrogenation
time is an important parameter to study. Figure 8 shows the
active donor in hydrogenated samples observed at a temperature of 250 °C. Enhanced phosphorus deactivation has been
observed as the time of hydrogenation increases from 15 to
60 min. For further hydrogenation, no significant variation
in deactivation profiles occurs (Fig. 9).
A slight increase in the degree of neutralization for the
hydrogenation times of 90 min and 60 min compared with
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The investigation of phosphorus deactivation in siliconbased Schottky diodes reveals that hydrogen deactivates
phosphorus at a depth that increases with increasing initial
phosphorus concentration in the starting material. To analyze the behavior of hydrogen in silicon, we have chosen to
follow the evolution of the dopant profiles under different
experimental conditions. The results clearly show that the
H+ atomic species is dominant in MW-ECR plasma reactors.
Consequently, quite high levels and neutralization depths
were obtained on the low phosphorus doped silicon. This
finding is further confirmed with the effect of the flow of H2,
where at 50 sccm a low hydrogen density is retained by the
phosphorus against a high concentration close to the surface
of silicon in the form of plates. In this case, H+ converts to
H0 to promote interaction with another H
 0 instead of gaining an electron to become a negative ion. The hydrogenation temperature, in turn, reveals quite complex phosphorus
deactivation rates. Indeed, as the hydrogenation temperature
increases, the deactivation of the phosphorus also increases
until its saturation at 250 °C. At temperatures 400 °C and
500 °C, a low or an absence of the PH complexes is due to
their dissociation under the purely thermal effect. Finally,
the hydrogenation time confirms the results obtained by
varying the temperature.
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