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Abstract— It is presented in this work the electrical characterization of positively charged SiO layers aiming at the application as Anti-Reflection (AR) coatings for MOS solar cells. SiO
layers were deposited by PVD on Si-p <100> substrates.
Al/SiO2/Si-P, Al/SiO/Si-P and Al/SiO/SiO2/Si-P MOS structures
were fabricated for SiO thickness in the range of 180 nm to 360
nm and SiO2 thickness of 4 nm. At first, it was worth noting the
interface passivation promoted by the thin SiO2 layer on Si to
obtain reproducible C-V Characteristics. From them, negative
charges were detected for not annealed SiO in the
Al/SiO(181nm)/SiO2(4nm)/Si-P structure with effective density
of charge Qf ≈ -1x1012 cm-2 and relative permittivity εr = 2.89.
After annealing in ultrapure Ar and N2+H2(10%), the relative
permittivity increased to εr = 4.51 and the SiO layers started to
be positively charged with Qf = (0.5-1.6)x1012 cm-2, which is adequate, as reported in the literature, for positively charged coatings of MOS solar cells fabricated on p-type subtrates. Finally,
a new explanation for the charging mechanism of the
SiO/SiO2(4nm)/Si-P interfaces is proposed.
Index Terms— positively charged coating, thin films, MOS
capacitor.

I. INTRODUCTION
Sustainable energy production has become an increasingly
feasible alternative as new semiconductor devices and techniques are developed [1]. Solar cells based on MOS (Metal–
Oxide–Semiconductor) technology are promising candidates
due to their good characteristics such as low cost, simple fabrication processing and integration on the same silicon substrate of low-power CI’s for energy harvesting [2-9].
For MOS solar cells fabricated onto P-type substrates, the
gate material is usually chosen with work function lower than
the electronic affinity of silicon as in the case of aluminum
(~4.1 eV) [2-9]. In addition, positively charged surface coatings deposited onto MOS cells promote the increase of the
current density in the silicon substrate due to the generation
increase of charge carriers as the width of the depletion region increases until it reaches the inversion regime [7-9]. SiO
can be deposited to obtain both, the anti-reflection effect as a
function of the layer thickness and refractive index and, the
high concentrations of positive charges in the layer to improve the current density of the MOS solar cells. These features allow outdoor [7] and indoor applications, respectively,
for photovoltaics panels and energy harvesting [8,9].
This work is focused the electrical characterization of positively charged SiO coatings and proposes a new explanation
for the charging mechanism of the SiO/SiO2(4nm) /Si-P
structures. In order to achieve this aim, Al/SiO/SiO2(4nm)/
Si-P MOS capacitors were fabricated as characterization test
structures with thickness uniformity better than 2 % (1).
Although the employed MOS capacitor is not the solar cell,
it is of upmost importance to obtain reproducible
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SiO/SiO2/Si-P interfaces as a former step aiming at MOS solar cells (Al/SiO2/Si-P) with positively charged SiO coatings.
II. EXPERIMENTAL PROCEDURES
A. Fabrication of the samples of the MOS capacitors
Three different MOS test structures were fabricated for
electrical characterization by measuring the CapacitanceVoltage (C-V) and Conductance-Voltage characteristics. The
fabricated structures were (Fig.1): I) Al/SiO2/Si-P (Fig. 1a) simple growth of thermal silicon oxide (4 nm). II) Al/SiO/SiP (Fig. 1b) - single layer of silicon monoxide (180-360 nm).
III) Al/SiO/SiO2/Si-P (Fig. 1c) growth of thermal oxide (4
nm) and the deposition of SiO (181 nm).

Fig. 1. Sketchs of the fabricated MOS structures: (a) Al/SiO2(4nm)/Si-P,
(b) Al/SiO(180-360 nm)/Si-P, (c) Al/SiO(181nm)/SiO2(4nm)/Si-P.

P-type <100> silicon wafers were cleaned using a modified RCA chemical cleaning process [8-10] composed of the
following baths: I) ammonium hydroxide bath of
16H2O:7H2O2(37%):1NH4OH(38%) at 90 ºC for 15 min and
II) hydrochloric acid bath of 4H2O:1HCl(38%) at 90 ºC for
15 min. The cleaning started with a rinse in DI water for 5
min, which was repeated between the baths and after the last
bath. As a final step, the wafers were dipped in diluted hydrofluoric acid bath of 80H2O:1HF(49%) at room temperature for 100 s and a last rinse in DI water was performed for
3 min.
The growth of the gate oxide (SiO2) was carried out by
means of dry thermal oxidation in a conventional oven with
an ultra-pure oxygen flow at the temperature of 850 ° C for
10 min. The oxidation parameters were adjusted to obtain a
gate dielectric with a SiO2 thickness of 4 nm.
The deposition of SiO (Aldrich) (Fig. 2) was performed by
PVD (Edward Vacuum Auto EL) at a high current (140 A)
on a spiral support with a conical shape made of tungsten
where the material to be deposited was stored. Compressed
SiO grains were heated in the spiral support (see Fig. 2) so
that it changes the solid starts evaporating to a gas (8 min).
In the first processes, SiO was deposited for different masses
of the compressed SiO and different positions in the deposition chamber. The first results had high thickness disuniformities as measured by a Dektak 6M Stylus Profilometer equipment due to mass losses and decentered position of the substrate in the evaporated area as illustrated in the Fig. 2.
To control the thickness, the mass of the compressed SiO
mass was carefully measured before evaporation and the time
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intervals of exposure to the constant current were established
to obtain layers with thickness ranging from 180 to 360 nm.
After establishing this process protocol for SiO, uniformities
better than 2 % started to be obtained.
Aluminum gate, 750 nm thick, was deposited by PVD (Edward Vacuum Auto EL) 750 nm on the dielectric and to make
the back contact of the wafers. Following, lithography was
used to define square gate geometries for capacitors with areas of 9.4x10-3 cm2 (for the structures II and III in Fig. 1) and
9.4x10-4 cm2 (for the structure I in Fig. 1). The reason for
choosing a smaller area for structure I was the thinner SiO2
layer (4nm) that needed to have the maximum MOS capacitance reduced to make possible the measurement in the
equipment used in this work.
Al/SiO/SiO2/Si-P, Al/SiO/Si-P and Al/SiO2/Si-P were fabricated. The reason for growing a thin thermal SiO2 on the
Si-P before the SiO deposition was to obtain a better interface
to the substrate so that the interface states density was low in
order to avoid a cross effect with the bulk charges in SiO
when analyzing the C-V characteristics [11]. After their fabrication, all the MOS structures were annealed in ultrapure
Ar and ultrapure N2 + H2(10%) at 300 ºC for 30 min, which
will be shown in the following.
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𝜔.C𝑚𝑎
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(1a)
(1b)

(Gma )2 +(ω.Cma )2

Fig. 3. Circuit models of: (a) the MOS physical structure and (b) the
measured parameters of a commecial capacimeter [12,13].

where Cma is the measured accumulation capacitance, G ma is
the measured accumulation conductance and ω = 2πf (f =
1MHz). As a result, the relative permittivity of the dielectric
(εr) is given by [11-13]:
εr =

Co .tox

(2)

AG .ε0

where tox is the thickness of the gate oxide, AG is the gate area
and ε0 is the vacuum permittivity constant (ε0 = 8.854x10-14
F/cm).
The effective charge density in the bulk of the gate oxide (Qf)
is given by [11,12,14]:
Qf =

Fig. 2. PVD equipment showing the detail of the spiral support of tungsten
with a conical shape.

Co .(∅MS −VFB )

(3)

AG .q

where VFB is the flat-band voltage obtained for the flat-band
capacitance (Eq. 5), q is the elemental charge (q =
1.602x10-19 C) and MS is the work function difference between metal and the semiconductor.
The work function difference was obtained by Eq. 4 as follows [11,12,14].

B. Electrical characterization
The capacitance-voltage (C-V) and conductance-voltage
(G-V) characteristics of the MOS structures were extracted
with the aid of a HP 4280A C METER / C-V Plotter
(Hewlett-Packard Inc) at a frequency of 1 MHZ (high). By
means of the C-V and G-V curves, the main parameters such
as dielectric capacitance (Cox), relative dielectric permittivity
(εr), effective charge density in the gate dielectrics (Qf), interface states density (Dit) and series resistance (RS) of the
MOS structures were obtained.
Figure 3a shows a physical circuit model that considers the
capacitance of the MOS structure (CMOS) and the series resistance (RS) due to the silicon substrate and contacts. Moreover, Figure 3b corresponds to the circuit model of the measured capacitance (Cm) and conductance (Gm) extracted from
commercial capacimeters to obtain the C-V and G-V characteristics [11-13]. Thus, the capacitance of the MOS structure
and the series resistance can be obtained by matching the impedances of the two models in Figure 3.
For the MOS structure operating in the accumulation region (Cm = Cma and Gm = Gma), the capacitance of the MOS
structure (CMOS = Co) and the series resistance (RS) are given
by [11,13]:

∅MS = −0.6 −

k.T
q

. ln (

NA
ni

)

(4)

where k is the Boltzmann constant (k = 8.617x10-5 eV/K), T
is the temperature in Kelvin, NA is the doping concentration
in the silicon substrate (NA = 1.0 x 1016 cm-3) and ni is the
intrinsic concentration at room temperature (ni =
1.08x1010 cm-3) [15]. The flat-band capacitance can be obtained by the series association of the gate oxide capacitance
(Co) and the flat-band capacitance of the semiconductor
(CFBS) that is given by [11,14]
CFBS =

εr

(5)

k.T.ε
ε
tox + r √ 2 Si
ε
Si

q .NA

where Si is the relative permittivity of the silicon substrate.
The surface states density (Dit) of silicon oxide/silicon interfaces were estimated from the Hill-Coleman model for a
single frequency measurement at the accumulation region as
follows [12,16]:
Dit =

2

Gma
ω

.

2

AG .q (Gma ) +(1−Cma )2
ω.Co

Co

(6)

Journal of Integrated Circuits and Systems, vol. 15, n. 2, 2020

III. RESULTS AND DISCUSSIONS
A. Electrical characterization of the Al/SiO2/Si-P,
Al/SiO/Si-P and Al/SiO/ SiO2/Si-P structures without
thermal sintering
At first, Al/SiO/Si-P MOS capacitors were fabricated and
electrically characterized. Unfortunately, the measured C-V
characteristics were non-reproducible, most of which with a
high degree of stretching or without the decrease in capacitance that usually occurs in the capacitance regions of depletion or inversion for thickness ranging from 180 to 360 nm.
In Figure 4a, it is illustrated a case of a highly stretched C-V
curve for the Al/SiO/Si-P structure (tox = (358 ± 18) nm),
which was the least stretched curve within the set of capacitors with gate thickness in the range of 180 to 360nm. In order to improve the oxide/Si interface, a very thin SiO2 was
placed between the SiO layer and the Si-P substrate. Figure
4a also shows a comparison of Al/SiO(358nm)/Si-P with
Al/SiO(181nm)/SiO2(4nm)/Si-P, both without the annealing
step. It is worth noting that the C-V curve of the Al/SiO/SiP capacitor is substantially more stretched compared with the
Al/SiO/SiO2/Si-P one and did not reach a minimum capacitance level, which means a very high interface states density
as pointed out in the literature (> 1x1012 eV-1Cm-2) [16]. On
the other hand, the Al/SiO/SiO2/ Si-P structure that has a 4
nm thin layer between the SiO and the Si-P substrate substantially improves the oxide/substrate interface because the
stretching effect was substantially reduced [11]. However,
the C-V curve of the Al/SiO/SiO2/Si-P structure without annealing is substantially shifted to the right indicating a high
concentration of negative charges in the bulk of the SiO
layer. Using Eq. 5, the negative charge density was Qf ≈
-1x1012 cm-2 since the flat-band voltage (VFB) is very positive
(~ 11.2 V). This so high negative charge density was attributed to the high porosity of the SiO layer that must have
a lot of incomplete chemical bonds [11].
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Fig. 4. C-V curves for not annealed Al/SiO2(4nm)/Si-P (typical curve),
Al/SiO(358nm)/Si-P (the least streched in 180-360nm range) and
Al/SiO(181nm)/ SiO2(4nm)/Si-P (typical curve). (a) C-V curves of the
Al/SiO(358nm)/Si-P and Al/SiO(181nm)/SiO2(4nm)/Si-P structures and
(b) C-V curves of the Al/SiO2(4nm)/ Si-P and
Al/SiO(180nm)/SiO2(4nm)/Si-P.
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It is important to point out that the accumulation capacitance (Co) is not influenced by the accumulation conductance
(Gma) so that Co  Cma in Equation 1a and series resistance in
Equation 1b is relatively low (10-30). An important evidence of the high porosity of the SiO layer was the lower relative permittivity (εr) of 2.89 obtained from the accumulation
capacitance (Co  Cma) and the thickness (tox) extracted by
profilometry in the Equation 2. This value is about 25%
lower than the relative permittivity of thermally grown silicon oxides (~ 3.9).
B. Electrical characterization of the Al/SiO2/Si-P,
Al/SiO/Si-P and Al/SiO/SiO2/Si-P structures with
thermal annealing
Two different heat treatments were carried out: I) Annealing in ultrapure Argon at 400 ºC for 30 min; II) Annealing in
ultrapure Ar at 400 ºC, for 30 min and then in forming gas
(N2+ H2(10%)) at 300 ºC for 30 min.
The C-V electrical characterization was carried out in two
measurement modes for both treatments. When sweeping the
gate voltage from positive to negative values, the MOS capacitors passes from the inversion to the accumulation regime. Reversing the scan direction of the voltage, that is,
from negative to positive voltages, the extracted C-V curve
starts at the accumulation and goes towards inversion as the
voltage increases.
For the two modes, the C-V characteristics were extracted
over different time intervals in order to observe the influence
of the environmental moisture on the SiO charging due to its
porous structure by analyzing the shifting of the C-V curve
after annealing. Before heat treatments, the C-V curves located at the right side for positive voltages is understood as a
negative charging of the SiO layer due to the its porous structure with a lot of incomplete chemical bonds [11].
Fig. 5 shows the C-V curves after annealing in Ar at 400
ºC for 30 min. As a result, a significant change was observed
since the negative charging effect due to the porous structure
with incomplete chemical bonds tends to be reordered and
the C-V curve shifts to the left side for negative voltages
(compare Fig. 4 with Fig. 5), right after annealing in Ar. In
addition, the heat treatment of the SiO layer makes the film
more compact considering the two measuring modes in Figs.
5a and 5b and the C-V curves starts to shift to the left side
over time, which was attributed to a progressive permeation
of environmental moisture inside the SiO layer [11].
On the other hand, comparing the two measuring modes
(Fig. 5a x Fig. 5b) in the inversion region, it is worth of noting
a lateral inversion effect [11] in Fig. 5a after an approximately constant inversion capacitance when sweeping the
voltage from positive to negative values. Also, when sweeping the voltage from negative to positive values, the inversion
region has a characteristic deep depletion effect, which
means a progressive decrease of the capacitance in the inversion region [11]. Different shifts were observed for the two
bias-sweep directions and they are possibly due to different
charging mechanisms of the SiO/SiO2 since the SiO2/Si interface is supposed to be passivated after thermal oxidation
[11].
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Fig. 5. Typical C-V curves shifts over time right after annealing in
ultrapure Argon at 400 ºC and 30 min for the
Al/SiO(181nm)/SiO2(4nm)/Si-P structure and two measuring modes with:
(a) gate voltage sweeping from positive to negative values (from inversion
to the accumulation regime) and (b) gate voltage sweeping from negative
to positive values (from accumulation to inversion regime).

For the Al/SiO/SiO2/Si-P structure, it is important to point
out the shift of the C-V curves to the left side for increasing
waiting times as shown in Figs. 5a and 5b. The increasing
shift over time is attributed to a progressive permeation of
environmental moisture in the SiO layer. Also, as the shift
increases to the left side, the accumulation capacitance also
slightly increases, which can also be attributed to increased
water permeation in the SiO layer.
An important evidence of the moisture permeation in the
SiO layer was the higher relative permittivity (εr) of 4.50 obtained from the accumulation capacitance and the thickness
extracted by profilometry in the Equation 2. This value is
about 15% higher than the relative permittivity of thermally
grown silicon oxides (~ 3.9) and incorporates the influence
of the water permittivity (~80).
In addition, the moisture permeation means a high incorporation of silanol groups with negative charges in the SiO
layer [11]. As a result, the effective charge in the
Al/SiO/SiO2/Si-P structure can be obtained from the shifts of
the flat-band voltage (VFB) as it will be shown in the following.
Fig. 6 shows the C-V curves after a second annealing in in
forming gas (N2+H2(10%)) at 300 ºC for 30 min. It is worthy
of noting the recovery of the flat band voltage to the original
value of ~ -5.1 V, which means the removal of the incorporated moisture out of the SiO layer. In the following, the shift
of the C-V curve to the left side starts and became occurring
over time in a similar way as in the case of Fig. 5.
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Fig. 6. Typical C-V curves shifts over time right after a second annealing
in forming gas (N2+ H2(10%)) at 300 ºC and 30 min for the
Al/SiO(181nm)/SiO2(4nm)/Si-P structure and two measuring modes with:
(a) gate voltage sweeping from positive to negative values (from inversion
to the accumulation regime) and (b) gate voltage sweeping from negative
to positive values (from accumulation to inversion regime).

On the other hand, comparing the two measuring modes
(Fig. 6a x Fig. 6b) in the inversion region, it is worth of noting
that the lateral inversion effect [11] does not appear in Fig.
6a, when sweeping the voltage from positive to negative values, possibly because the different annealing gas used (N2+
H2(10%), which possibly improves the oxide/silicon interface by lowering the dangling bonds at the lateral region [11].
In addition, the inversion of the C-V curves for “47 days” and
“54 days” is possibly due to a slight different measurement
condition as suggest the slight difference between the accumulation capacitances (see Figure 6a). Also, when sweeping
the voltage from negative to positive values, the inversion region also presented a characteristic deep depletion effect,
which means a progressive decrease of the capacitance in the
inversion region [11] attributed to a progressive charging of
the SiO/SiO2 interface.
C. Parameters Extraction
With the aid of the C-V curves, the effective charge density
of the dielectrics (Qf) were obtained over time by means of
the Equation 3 (see Fig. 7). It was observed an increase of Q f
as a function of time (days) from 0.5 to 1.6x1012 cm-2. It is
worthy of note that Qf has the same tendency for both sintering environments (Ar and N2+ H2(10%)) in Fig. 7.
Fig. 8 shows an evaluation of the interface states density
using the first order Equation 6 [16] for the oxide/silicon interface. For the Al/SiO(181nm)/SiO2(4nm)/Si-P structure,
there exist two near interfaces SiO/SiO2 and SiO2/Si-P, so
that, a thin thermal SiO2 was grown by using a recipe that
provides a good quality SiO2/Si-P interface. Thus, Equation
6 is mainly estimating the charging/discharging of the
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SiO/SiO2 interface [12, 16]. For lower times, it is possible to
notice that the value estimated by Equation 6 is greater if the
C-V curve is extracted from inversion to accumulation,
which can be understood as a preferential charging effect for
that measurement mode.
1,7
1,6
1,5

5

was observed. In this case, the relative permittivity increased
to εr = 4.51 and the SiO layers started to be positively charged
with Qf = (0.5-1.6)x1012 cm-2, which is adequate, as reported
in the literature, for positively charged coatings of MOS solar
cells fabricated on p-type subtrates. Finally, a new a new explanation for the charging mechanism of the
SiO/SiO2(4nm)/Si-P interfaces is proposed.
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