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ABSTRACT
Capacitance (C) and conductance (G/ω) measurements of MOS capacitor with Si3N4 dielectric deposited on Si
have been investigated in the frequency range of 1 kHz to 1 MHz at room temperature. The experimental results
indicate that the values of the measured C and G/ω decrease with the increasing frequency. The 1/C2-V curves are
linear in the wide voltage region for each frequency. This linearity of the curves is attributed to the uniformity of
the donor concentration in the depletion region. Also, the barrier height (ΦB) and carrier (donor) concentration (ND)
were obtained from C-2-V characteristics. The values of the ΦB and ND decrease with the increasing frequency.
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1. INTRODUCTION
The metal-oxide-semiconductor (MOS) capacitors can
be produced by coating an oxide layer upon the
metal/semiconductor interface. With regard to the
dielectric property of the oxide layer coated between the
metal and the semiconductor, MOS capacitors are
analogous to parallel-plate capacitors [1-8]. In studies
conducted so far, the oxide layers of various types, such
as SiO2, Si3N4, SnO2, TiO2, have been used between the
metal and the semiconductor [6-8]. In real MOS
capacitors, the localized interface states exist at the
semiconductor-insulator interface and the device
behavior is different from an ideal case due to the
presence of these localized interface states. The localized
electronic states associated with the surface region were
called ''surface states''. The reason for their existence is
the interruption of the periodic lattice structure at the
♠Corresponding author, e-mail: ademt@gazi.edu.tr

surface, surface preparation, formation of insulating
layer and impurity concentration of semiconductor
[1,2,9,10]. The interface states usually cause a bias shift
and frequency dispersion in the capacitance-voltage (CV) and conductance-voltage (G/ω-V) curves [9-11]. The
performance of MOS capacitors is greatly influenced by
the interface state density (Nss). Consequently, the Nss is
an important parameter for evaluating the quality of a
MOS structures. [3,12]. In addition, series resistance (Rs)
is an important parameter, which causes changes in the
electrical characteristics of MOS capacitors [1,2,9,13].
The purpose of this paper is to determine the electrical
parameters such as the diffusion potential (VD), donor
concentration (ND), Fermi energy level (EF) and barrier
height (ΦB) by using the capacitance-voltage (C-V) and
conductance-voltage (G/ω-V) measurements.
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2. EXPERIMENTAL DETAIL
Au/Si3N4/n-Si (MOS) capacitor was fabricated on
phosphorus doped (n-type) single crystal Si substrates
each with a 2'' diameter, 300µm thickness, (100)
orientation, and 0.5 Ω.cm resistivity. For the fabrication
process, the n-Si substrate was chemically cleaned
using conventional method and then chemically etched
and finally quenched in deionized water. Prior to each
cleaning step, the Si substrate was rinsed thoroughly in
deionized water of resistivity of 18 MΩ.cm using an
ultrasonic bath. After cleaning and etching steps, the Si
substrate was mounted on a stainless steel sputtering
holder that was heated optically and loaded into a radio
frequency (RF) magnetron sputtering system. The Si
substrate was heated up to 400 ◦C in 1x10-8 mbar high
vacuum and sputter cleaned in pure argon ambient to
ensure the removal of any residual organic substance.
Then, the silicon nitride (Si3N4) film was deposited on
n-Si using high purity (99.999%) silicon nitride target.
Also, the film was deposited at a constant pressure of
3x10-3 mbar and a constant substrate temperature of 200
◦
C.
The ohmic and rectifier contacts were formed using a
thermal evaporation system. The ohmic back contacts
were formed by the deposition of high-purity Au
(99.999%) with a thickness of ~2000 Å at 450 ºC, under

10−7 mbar vacuum and the sample was annealed at 400
ºC to achieve good ohmic contact behaviour. After that,
circular dot shaped rectifier front contacts with 1 mm
diameter and ~2000 Å thickness were formed by the
deposition of high - purity Au onto Si3N4 thin film at 50
ºC. Finally, Au/Si3N4/n-Si capacitor was fabricated for
t h e e l e c t r i c a l m e a s u r e m e n t .
The capacitance-voltage (C-V) and conductance-voltage
(G/ω-V) measurements were carried out by using a HP
4192A LF impedance analyzer (5 Hz to 13 MHz). A
low-distortion oscillator generated the ac signal with the
amplitude attenuated to 50 mVrms to meet the small
signal requirement for the capacitor. All measurements
were carried out with the help of a microcomputer
through an IEEE-488 ac/dc converter card.
3. RESULTS AND DISCUSSION
The capacitance and conductance measurements were
performed over a frequency range of 1 kHz-1 MHz at
room temperature. Fig. 1(a) and (b) show the C-f and
G/ω-f characteristics of the MOS capacitor. As shown in
Figs. 1(a) and (b), the C and G/ω has displayed a
decreasing trend with increasing frequency in the
frequency range of 1 kHz-1 MHz.

Fig. 1. Plot of (a) capacitance (C) and (b) conductance (G/ω) with log frequency of MOS capacitor.

As the frequency is increased, the capacitance decreases
to the same limit, as the charges on the defects no longer
have time to rearrange in response to the applied voltage
[14-18]. The series resistance (Rs) seems to be the most
important parameter that causes the electrical
characteristics of MOS capacitors to be non-ideal [1].
There are several methods to extract the series resistance
of MOS capacitors in literature [19-22]. In this study we
have used the conductance method developed by
Nicollian and Goetzberger [19,20]. The measured
impedance (Zma) of MOS capacitor using the parallel RC
circuit [1,2,23] is equivalent to the total circuit
impedance as

Z ma =

1
G ma + jωC ma

(1)

Comparing the real and imaginary part of the impedance,
the series resistance is given by

Rs =

2
ma

G

Gma
2
+ (ωCma )

(2)

The series resistance of the MOS capacitor is calculated
according to Eq. (2) and shown in Fig. 2. From Fig. 2, it
is clearly seen that the Rs decreases with increase in
frequency.
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Fig. 2. Plot of the series resistance (Rs) with log frequency of MOS capacitor.
This frequency dependence of Rs is the result of
frequency-dependent charges such as interface charge,
fixed oxide charge, oxide-trapped charge and mobile
oxide charge. Also, the trap charges have enough energy
to escape from the traps located between metal and
semiconductor interface in the Si band gap.
The analysis of the C-V characteristics has been
achieved from the reverse bias C-2-V characteristics of
the MOS capacitor. In these structures the depletion
layer capacitance is given as follows [1,2,6,24-26].

C −2 =

2(Vo + V )

ε s ε o qA 2 N D

d (C −2 )
2
=
dV
ε sε o qA2 N D

Vo = VD −

k BT
q

(5)

where VD is the diffusion potential, T is the absolute
temperature and kB is the Boltzmann’s constant. The
value of the barrier height (ΦB) can be calculated by the
following well-known equation, using the C-V
measurements,

k T   N 
ΦB (C −V ) = VD + EF − ∆ΦB = VD +  B  ln C  − ∆ΦB (6)
 q   ND 

(3)

(4)

where A is the area of the structure (7.85x10-3 cm-2), εs is
the dielectric constant of semiconductor (11.9εo for Si),
εo is the dielectric constant of vacuum (8.85x10-14 F/cm),
ND is equivalent to the free electron concentration when
all shallow donor levels are ionized, q is the electronic
charge, V is the applied bias and Vo is the intercept of C2
-V plot with the V axis and is given by

where EF is the energy difference between the bulk
Fermi level and conductance band edge, NC is the
effective density of states in the conduction band, which
is Nc=2.8x1019 cm-3 for n-Si at room temperature and

∆Φ B is the image force barrier lowering and can be
obtained from the well-known relationship in Refs.
[2,6,18,24,27-32].
Fig. 3 shows the reverse bias C-2-V characteristics of the
MOS capacitor in the frequency range between 30 kHz
and 1 MHz at room temperature. In Fig. 3, it is clear that
the intercept of the C-2-V characteristics changes with
increasing frequency.
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Fig. 3. The reverse bias C-2-V characteristics of the MOS capacitor at different frequencies.
It is seen that the C-2-V plots are linear in the wide
voltage region for each frequency. This linearity of the
curve is attributed to the uniformity of the donor
concentration in the depletion region, indicating the
interface states cannot follow ac signal at high
frequencies [2]. At the high frequencies, the values of
the capacitance are only space charge capacitance.
However, at low frequencies the non-linearity of C-2-V
plots can be explained on the basis of assumption that
some of interface states can easily follow the applied ac
signal and yield an excess capacitance, which depends
on frequency [1,2,16,24].

From the reverse bias C-V measurements, the barrier
height (ΦB) was calculated at different frequencies using
the intercept voltage Vo of the C-2-V plots and was given
in Table 1. As shown in Table 1, in the frequency range
of 30 kHz-1 MHz, the C-V measurements are revealed
that the values of barrier height (ΦB) change from 0.95
to 0.76 eV and the donor concentration from 3.93x1015
to 3.04x1015 cm-3. The decrease in barrier height with
increasing frequency is due to a decrease in Vo.

Table 1: Electrical parameters of MOS capacitor obtained from C-2-V plot.
Frequency
(kHz)
30
50
70
100
200
300
500
700
1000

Vo
(V)
0.71
0.68
0.65
0.64
0.61
0.59
0.57
0.54
0.52

VD
(eV)

ND
(x1015cm-3)

WD
(x10-5cm)

0.74
0.71
0.68
0.67
0.64
0.61
0.59
0.56
0.54

3.93
3.71
3.66
3.57
3.40
3.30
3.23
3.13
3.04

4.98
5.02
4.94
4. 95
4.96
4.94
4.92
4.87
4.84

Frequency
(kHz)

EF
(eV)

∆ΦB
(meV)

ΦB
(eV)

30
50
70
100
200
300
500
700
1000

0.230
0.231
0.231
0.232
0.233
0.234
0.235
0.235
0.236

18.95
18.50
18.23
18.03
17.61
17.31
17.10
16.74
16.45

0.95
0.92
0.89
0.88
0.85
0.83
0.81
0.78
0.76

GU J Sci, 27(3):909-915 (2014)/ A. TATAROĞLU, G.G. GÜVEN, S. YILMAZ, A. BÜYÜKBAŞ

The depletion layer width (WD) being deduced from the
experimental C-V measurements is given by [1,2]

WD =

2ε s
ψs
qN D

(7)

where ψs is the surface potential.
Fig. 4(a) and (b) shows plots of donor concentration
(ND) and the surface potential (ψs) versus frequency
obtained from the slope of the linear plot of C-2-V
curves. As shown in Fig. 4(b), the ψs decreases with
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increasing frequency. As shown in Fig. 4(a), the ND
values decrease with increasing frequency. This behavior
of ND can be explained by whether the interface state
charges contribute to the capacitor capacitance or the
charge at the interface states can follow an ac signal due
to various kinds of states with different lifetimes [33-38].
If the capacitance measurements are made at sufficiently
high frequencies, the interface state charges cannot
contribute to the MOS capacitance. This will occur when
the time constant is too long to permit the charge to
move in and out of the interface states in response to an
applied signal.

Fig. 4. (a) Donor concentration (ND) and (b) surface potential (ψs) plots obtained from C-2-V curves.
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4. CONCLUSION

[15] A. Tataroğlu, G.U. J. Sci. 26, 501 (2013).

In this study, the electrical parameters of Au/Si3N4/n-Si
(MOS) capacitor such as ND, EF, ФB, VD and ψs have
been calculated from frequency dependent C-2-V
characteristics. The C-2-V curves are linear for each
frequency. Experimental results show that the ΦB and ND
decrease with the increasing frequency. In conclusion,
the C-V and G/ω-V characteristics of MOS capacitor
have been controlled by the interfacial oxide layer,
interface states and series resistance which are
responsible for the non-ideal behavior of electrical
characteristics.
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