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Temperature-dependent dielectric properties of
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The dielectric properties of Au/SizNy/n-Si (MIS) structures are studied using the admittance measurements (C-V and
G/m-V) each as a function of temperature in a range from 80 K to 400 K for two frequencies (100 kHz and 1 MHz).
Experimental results show that both the dielectric constant (¢') and the dielectric loss (€”) increase with temperature in-
creasing and decrease with frequency increasing. The measurements also show that the ac conductivity (0, ) increases with
temperature and frequency increasing. The Ino,. versus 1000/7 plot shows two linear regions with different slopes which
correspond to low (120 K-240 K) and high (280 K—400 K) temperature ranges for the two frequencies. It is found that
activation energy increases with frequency and temperature increasing.
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1. Introduction

The metal-semiconductor (MS) structure has become an
important and essential part of semiconductor devices, and
studies of it are vital to the development of technology.!!~8]
The existence of an interfacial insulator layer between the
metal and semiconductor converts the MS structure into a
metal-insulator-semiconductor (MIS) structure. As is well
known, the interface traps at the semiconductor—insulator in-
terface in the MIS structure play an important role in determin-
ing several characteristics of electronic devices utilizing this
structure. The admittance (capacitance and conductance) mea-
surements of MIS structures have been extensively studied to
investigate the effects of the interfacial layer on the electrical
and dielectric characteristics of the MIS structure.!’~!31 Anal-
yses of the electric and dielectric parameters of these devices
only at room temperature have not provided detailed informa-
tion about their conduction processes.

In recent years, silicon nitride (Si3Ny) films have been ex-
amined as a potential material to replace silicon dioxide (SiO,)

[13-18] Compared with silicon dioxide, sili-

in such structures.
con nitride was expected to be a more stable dielectric layer
on silicon. Furthermore, silicon nitride has become a promis-
ing material for replacing SiO; in metal oxide-semiconductor
transistors and storage capacitors to reduce the device scales of
integrated circuits in microelectronic applications. Si3Ny films
were also used as an essential part in MIS inversion layer so-
lar cells, having applications as antireflection and passivation
coatings as well as in the active layer, causing energy band
bending.[1%-20]

In our previous study,!'?! we reported on the frequency
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dependences of electrical and dielectric properties of the
Au/Si3Na/n-Si (MIS) structures. The capacitance—voltage (C—
V) and conductance-voltage (G/w-V) characteristics have
been measured in a frequency range of 1 kHz—1 MHz at room
temperature. In the present study, we study the tempera-
ture dependence of ac conductivity and dielectric properties
of Au/SizNy/n-Si (MIS) structure in a temperature range of

80 K—400 K at two different frequencies.

2. Experimental details

Au/Si3Ny/n-Si (MIS) structures were fabricated on phos-
phorus doped (n-type) single crystal Si substrates each with a
2-inch diameter (1 inch=2.54 cm), 300-um thickness, (100)
orientation, and 0.5-Q-cm resistivity. For the fabrication pro-
cess, the n-Si substrates were chemically cleaned using the
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 re-
sistivity of 18 MQ-cm using an ultrasonic bath. After clean-
ing and etching steps, the Si substrates were mounted on a
stainless steel sputtering holder that was heated optically and
loaded into a radio frequency (RF) magnetron sputtering sys-
tem. The Si substrate was heated up to 400 °C in 1 x 103-mbar
(1 bar = 10° Pa) high vacuum and sputter cleaned in pure argon
ambient to ensure the removal of any residual organic sub-
stance. Then, the silicon nitride (SizNy4) film was deposited
on n-Si using a high purity (99.999%) silicon nitride target.
In addition, the film was deposited at a constant pressure of
3 x 1073 mbar and a constant substrate temperature of 200 °C.

The ohmic and rectifier contacts were formed using a
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thermal evaporation system. The ohmic back contacts were
formed by the deposition of high-purity Au (99.999%) with a
thickness of ~2000 A at 450 °C, under 10~ 7-mbar vacuum
and the sample was annealed at 400 °C to achieve a good
ohmic contact behavior. After that, circular dot shaped recti-
fier front contacts with 1-mm diameter and ~2000 A-thickness
were formed by the deposition of high-purity Au onto SizNy
thin film at 50 °C. In this way, Au/SizN4/n-Si (MIS) struc-
The
electrode connections were made by silver paste. The inter-

tures were fabricated for the electrical measurements.

facial insulator layer thickness was estimated to be about 85 A
from measurement of the insulator capacitance in the strong
accumulation region for the MIS structure.

The capacitance—voltage (C—V') and conductance—voltage
(G/w-V) characteristics were investigated in the temperature
range of 80 K—400 K at 100 kHz and 1 MHz, by using an HP
4192A LF impedance analyser (5 Hz—-13 MHz) and a small
ac test signal 50 mV s from an external pulse generator ap-
All
measurements were controlled by using a Janes vpf-475 cryo-

plied to the sample in order to meet the requirement.

stat, which enables us to make measurements in a temperature
range of 77 K-450 K. The sample temperature was always
monitored by using a copper-constantan thermocouple close
to the sample and by measuring with a dmm/scanner Keithley
model 199 and a Lake Shore model 321 auto-tuning tempera-
ture controller with sensitivity better than +0.1 K. In addition,
the entire measurements were performed using a microcom-
puter through an IEEE-488 AC/DC converter card.

3. Results and discussion

3.1. Temperature-dependent C-Vand G/®-Vmeasurements
at 100 kHz and 1 MHz

Admittance spectroscopy is a technique of measuring the
admittance, i.e., capacitance (C) and conductance (G). The
C and G/ measurements of the Au/Si3N/n-Si (MIS) struc-
ture were carried out in the temperature range of 80 K—400 K
at 100 kHz and 1 MHz. The variations of capacitance with
temperature are presented in Figs. 1(a) and 1(b), respectively.
As shown in Figs. 1(a) and 1(b), the values of capacitance in-
crease with temperature increasing. The increase in capaci-
tance with temperature may be due to the interfacial space-
charge formation.?!=?*! In addition, the value of capacitance
increases with the frequency decreasing. The high values of
the capacitance at low frequencies result from the presences of
the interface states at metal/semiconductor interface. In other
words, at low frequencies, the interface states can follow the
alternating current (ac) signal and yield an excess capacitance
and conductance. However, at high frequencies, the charges
at the interface states cannot follow the ac signal and cannot

(24,25

contribute to the total capacitance. I The variations of con-

ductance with temperature at 100 kHz and 1 MHz are shown

in Figs. 2(a) and 2(b), respectively. As shown in Figs. 2(a)
and 2(b), the values of conductance increase with the temper-
ature increasing, but decrease with frequency increasing. The
increase in conductance with temperature may be due to the
thermally activated charge carrier mobility.

1.6
* 80 K (a)
Lap }28% 100 kHz
200 K
1.2b a0k
= 280 K
» 1.0F +300 K
o 320 K
= 0.8F 2340K
8 v 360 K
0.6F + 380 K
" 400 K
0.4F
0.2 -_—M

-10 -8 -6 -4 -2 0 2 4 6 8

V/V
8 K
*80
7h 120K (b) /
160 K 1 MHz
6
3
> 5
=
0 4
@)
3
2_

N .
—-10 -8 -6 —4 -2 0 2 4 6 8
7%

Fig. 1. (color online) Variations of the capacitance (C) with temperature
at (a) 100 kHz and (b) 1 MHz for MIS structure.
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Fig. 2. (color online) Variations of the conductance (G/®) with tem-
perature at (a) 100 kHz and (b) 1 MHz for the MIS structure.
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3.2. Temperature-dependent dielectric

100 kHz and 1 MHz

properties at

The complex permittivity can be defined in the following

complex form: 26271

£'(0) =¢'(0) —ie" (w), (1)

where €' and €” are the real and the imaginary parts of the
complex permittivity, and i is the square root of —1. The
real part of the permittivity, €' (®), is a measure of the energy
stored from the applied electric field in the material and iden-
tifies the strength of alignment of dipoles in the dielectric. The
imaginary part of the permittivity, €”(®), or a loss factor, is the
energy dissipated in the dielectric, which is associated with the
frictional dampening that prevents the displacement of bound
charge from keeping in phase with the field change.?®!

The complex permittivity formalism is employed to de-
scribe the electrical and dielectric properties. In the £* formal-
ism, in the case of admittance measurements, the following
relation holds:

Y* C G
e = = ——i— 2
iwCy Gy 1(x)C()7 @)

where Y*, C, and G are the measured admittance, capacitance,
and conductance values of the dielectric material, respectively,
and o is the angular frequency (@ = 27 f) of the applied elec-
tric field, Cp is the capacitance of an empty capacitor and
expressed as Cy = €A /d, with A(= 7.85 x 1072 cm?) being
the rectifier contact area in cm?, d is the interfacial insulator
layer thickness, and & is the permittivity of free space charge
(&9 = 8.85 x 10~ % F/cm).

The real part of the complex permittivity, the dielectric
constant (€”), is calculated using the capacitance values which
are measured at the forward bias voltage of about 1 V from the

relation[29-30]

3)

where Cy, is the measured maximal capacitance of the MIS
structure in the strong accumulation region. The insulator
layer thickness d ( = 85 A) calculated from C-V characteris-
tics using the equation Cox = €;€0A/d, where Co is the capaci-
tance of the interfacial layer, and &; = 7.5¢p and & = 11.9¢ (21
are the permittivities of the interfacial insulator layer (SizNy4)
and semiconductor (Si), respectively.

On the other hand, the imaginary part of the complex per-
mittivity, the dielectric loss (€"), is calculated using the mea-
sured conductance values from the relation

" Gm
i ((D) = (D7C()7 (4)

where G, is the measured maximal conductance of MIS struc-
ture in the strong accumulation region. The dissipation factor
or loss factor tangent (tand ), which means the phase difference

due to the loss of energy within the structure, can be expressed

as follows: 26311
8//(0))

e(w)

The ac conductivity is calculated from the dielectric loss val-

tand =

&)

ues according to the relation
o' =igwe*(0) = igw(e —ie") = gwe’ +igwe'. (6)

The real part of the complex conductivity (6*) is calculated
using the relation

Oac = ®Ctan§(d/A) = gywe". )

As it turns out, the effect of conductivity can be highly
suppressed when the data are presented in the modulus rep-
resentation. The electric modulus approach began when the
reciprocal complex permittivity was discussed as an electrical
analogue to the mechanical shear modulus.*?! From the phys-
ical point of view, the electrical modulus corresponds to the
relaxation of the electric field in the material when the electric
displacement remains constant. Therefore, the modulus repre-
sents the real dielectric relaxation process.?34! The complex
modulus M*(w) was introduced to describe the dielectric re-
sponse of non-conducting material. This formalism has been
applied also to materials with non-zero conductivities. The
starting point for further consideration is the definition of the
dielectric modulus3%33]

M* (@) = gi =M'(0)+iM" (o). ®)
TPRUE ()
M= or e
and
M (@) = —— @) ©)
g (0)*+¢"(w)*’

where M’ and M" are the real and the imaginary parts of com-
plex modulus. Based on Eq. (9), we change the forms of pre-
sentation of the dielectric data from €&’ (@) and €” (@) to M’
(0) and M" ().

The temperature dependences of the €/, €”, tan§, Oy,
M', and M" of the Au/Si3N4/n-Si (MIS) structure are ob-
tained from C-V and G/w-V data at 100 kHz and 1 MHz
in the temperature range of 80 K—400 K. The variations of di-
electric parameters with temperature are shown in Figs. 3(a)—
3(c), respectively. As can be seen from these figures, the val-
ues of €', €’, and tand increase exponentially as the tem-
perature increases at a high temperature range of 300 K-
400 K. On the other hand, these values keep almost constant
at a low temperature range of 80 K-280 K. As temperature
rises, imperfections/disorders are created in the lattice and the
mobility of the majority charge carriers (ions and electrons)

increases. [7-21:31.36-40]
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Fig. 3. (color online) Variations of the €' (a), €” (b), and tand (c) with
temperature at 100 kHz and 1 MHz for the MIS structure.

In addition, the € and €” decrease with frequency in-
creasing at all temperatures exhibiting a similar trend with the
capacitance and conductance. These curves closely resemble
those predicted by the Debye relaxation model for orienta-
tional polarization.*! Furthermore, the decreases in &’ and &”
with the increasing frequency are explained by the fact that as
the frequency is raised, the interfacial dipoles have less time to
orient themselves in the direction of the alternating field.[38-40]

Figure 4 shows the temperature dependences of ac con-
ductivity (0,c) measured at two frequencies (100 kHz and
1 MHz). It is evident that o, is both frequency and tempera-
ture dependent and increases with frequency and temperature
increasing. As shown in Fig. 4, the values of ac conductiv-
ity keep almost constant at a low temperature range (80 K-
280 K) for the two frequencies and increase exponentially at
a high temperature range (300 K—400 K). The increase in Oy
with temperature increasing is attributed to the impurities or
dislocations at metal/semiconductor interface.8*31 Further-

more, the frequency dependence of conductivity in the relax-
ation phenomenon are caused by the the mobile charge carri-

ers.

8

71 100 kHz N
n ‘@1 MHz ;
g 6¢
o
T 5y
S gt '
| .
S 3} ’
<
5 2F

1 £

0 a a . & P 5 L "

80 160 240 320 400

T/K

Fig. 4. (color online) Temperature dependences of ac conductivity (Gyc)
for two different frequencies.

In the case of a thermally activated electrical conduc-
tion, the temperature dependence of ac conductivity can be
explained according to the Arrhenius equation

_E,
Oyc = GpEXP (kT) : (10)

where oy is called the pre-exponential factor and E; is
called the activation energy for ac electrical conduction

[31,33,38.40.43-49] The E, is determined from the

mechanism.
slope of the straight lines in the resulting plots at two differ-
ent frequencies (see Fig. 5). Figure 5 shows the Arrhenius
plots (Ino,. versus 1000/T) for the temperature dependence
of ac conductivity 0,¢(7T) measured at 100 kHz and 1 MHz
under accumulation bias in the temperature range of 80 K—
400 K. As can be seen from Fig. 5, Inc,. versus 1000/T plots
for two frequencies show two linear regions with two different
slopes which correspond to region 1 (80 K-240 K) and region
2 (280 K—400 K). The values of E, for the conduction process
are calculated to be 5 meV and 347 meV at the low tempera-
ture (between 80 K and 240 K) and high temperature (between
280 K and 400 K) for 100 kHz, respectively. The values of E,
are calculated to be 10 meV and 365 meV for 1| MHz. As a
result, the value of activation energy increases with the tem-
perature and frequency increasing.
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Fig. 5. (color online) Arrhenius plots of ac conductivity for MIS struc-
ture at several different frequencies.
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The real (M') and imaginary (M") parts of electric mod-
ulus (M*) are calculated from €’ and €”. The temperature de-
pendences of the M and M” of MIS structure are shown in
Figs. 6(a) and 6(b), respectively. As seen in Fig. 6(a), the value
of M’ decreases with the temperature increasing, but increases
with frequency increasing. This dependence indicates that the
dielectric constant of the structure is thermally activated. The
imaginary part of electric modulus is indicative of energy loss
in the structure under electrical field. As seen in Fig. 6(b), the
values of M” increase with temperature increasing at above
280 K while keeping almost constant in the low temperature

range [21,31,33,50-53]
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Fig. 6. (color online) Variations of real part (M’) (a) and imaginary part

(M") (b) of electric modulus (M*) with temperature at two different
frequencies.

4. Conclusions

In the present work, the temperature dependences of di-
electric properties and ac conductivity of the Au/SizN4/n-Si
(MIS) structure are investigated by using admittance measure-
ments. The values of € and €” increase with temperature
increasing, but decrease with frequency increasing. As the
applied field is lowered, significant decreases in the values
of € and €” occur. Frequency and temperature dependences
of € are attributed to interfacial and orientational polariza-
tions, whereas that of € is associated with the conduction
loss. The value of o, increases with frequency and tem-
perature increasing. The increase in the o,. with tempera-
ture increasing is attributed to the impurities or dislocations
at the metal-semiconductor interface. In addition, the activa-

tion energies for two frequencies are obtained from the Arrhe-
nius plots. The value of activation energy of the MIS struc-
ture for conduction process is found to increase with temper-
ature and frequency increasing. The observed temperature
dependent capacitance and conductance behaviours suggest
that the conduction mechanism in MIS structure may be due
to the hopping of charge carriers between the distributed de-
fects/localized states under the effect of temperature.
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