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Abstract

Different from conventional metal-Si compounds—n-Si structures, the thin film of TiW alloy was deposited on Pd,Si-—n-Si to form a
diffusion barrier between aluminum (Al) and Pd,Si—n-Si. Dielectric properties and electrical conductivity of TiW—Pd,Si/n-Si structures in
the frequency range of 5 kHz-10 MHz and voltage range of (—4 V) to (10 V) have been investigated in detail by using experimental C-V
and G-V measurements. Experimental results indicate that the values of ¢’ show a steep decrease with increasing frequency for each volt-
age. On the other hand, the values of ¢’ show a peak, and its intensity increases with decreasing voltage and shifts towards the lower
frequency side. The ac electrical conductivity (o,.) and the real part of electric modulus (M) increase with increasing frequency. Also,
the imaginary part of electric modulus (M”) shows a peak and the peak position shifts to higher frequency with increasing applied volt-
age. It can be concluded that the interfacial polarization can be more easily occurred at low frequencies, and the majority of interface
states at metal semiconductor interface, consequently contributes to deviation of dielectric properties of TiW-Pd,Si/n-Si structures.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The interface structure between metal and semiconduc-
tor plays a very important role in the fabrication of
metal-semiconductor (MS) and metal-insulator—semicon-
ductor (MIS) structures. These devices have been gaining
importance due to their wide variety opto-electronic and
high-frequency applications [1,2]. The performance and
reliability of these devices especially depend on the forma-
tion of interface structure between metal and semiconduc-
tor. During fabrication process of MS structures, an oxide
layer can be formed on Si by natural ways [3-7]. However,
an insulator interfacial layer or silicide compounds at
metal-Si interfaces can be formed on Si by different tech-
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nique to passivate interfacial-contamination arisen from
the active dangling bonds at the semiconductor surface
[8]. Most of the properties of the non-reacting interface,
e.g. Al-Si, may be characteristics of the discrete nature of
the ideal metal-Si interface. In addition to this, the silicide
compound formation process at a reaction interface which
is created continuously by atomic rearrangement resulting
from material reaction. This tends to better preserve the
intrinsic characteristics of the interface since it is less sus-
ceptible to interfacial-contamination effects [9]. In this
respect, the interfacial parameters such as the density of
interface states and the thickness of interfacial layer can
influence both the electrical and dielectric behavior of these
structures [10-20]. In the ideal case, the capacitance of MS
or MIS structures is usually frequency independent
especially at high frequency limit (f = 1 MHz). Depending
on the frequency of the a.c signal, there may be a capa-
citance due to interface states in excess to depletion layer
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capacitance. When localized interface states exist at the
interface, the device behavior is different than ideal case
due to their presence. Since the interface capacitance
(excess capacitance) depend on strongly on the frequency
and applied voltage, the C-V and G/w—V characteristics
are strongly affected [1,10-24]. Therefore, it is important
to include the effect of voltage and frequency in the inves-
tigation of both electrical and dielectric properties [20-26].
The frequency response of the dielectric constant (¢'),
dielectric loss (¢”) and loss tangent (tand) is dominated
by a low frequency dispersion, whose physical origin has
long been in question [27].

In this work, Al-TiW-Pd,Si/n-Si structures were first
fabricated and then both the forward and reverse bias
admittance measurements were studied over the frequency
and voltage range of 5kHz-10 MHz and —4V to 10V,
respectively, by using an HP-4192 A impedance analyzer
at room temperature. The variation of dielectric constant
(&), dielectric loss (¢”), loss tangent (tano), ac electrical
conductivity (o,.) and real and imaginary part of electric
modulus (M’ and M) have been investigated as a function
of frequency and voltage.

2. Experimental procedure

The Al-TiW-Pd,Si/n-Si structures were fabricated on
2 in. diameter n-type (P doped) single crystal silicon wafer
with (111) surface orientation, 0.7 Qcm resistivity and
3.5 um thickness. The pattern of these structures were fab-
ricated by lift-off of litho-graphically system, defined as
photo-resist, and annealed at 500 C for 1 min in flowing
dry nitrogen (N,) ambient in a rapid thermal annealing fur-
nace. Thus produced chip contains 14 Al-TiW-Pd,Si/n-Si
structures with the areas of changing 1x107¢cm*-
14 x 107% cm?. Only the results of diode with the area of
8 x 107° cm? are presented in this paper.

For the fabrication process the Si wafer first was cleaned
in a mix of a peroxide—ammoniac solution in 10 min and
subsequent quenched in de-ionized water of resistivity of
18 MQ cm for a prolonged time. After the cleaning process,
high purity (99.999%) Al with a thickness of about 2000 A
were thermally evaporated onto whole back side of Si
wafer at a pressure about 10~° Torr in high vacuum sys-
tem. The ohmic contacts were formed by annealing them
for a few minutes at 450 °C. To fabricate Pd,Si-—n-Si layer,
palladium was deposited on Si wafer by using thermal
evaporation method until the thickness of Pd,Si film was
about 0.6 pm, subsequently annealed at 573 K for 15 min.
To form the metal electrodes (rectifier and ohmic contacts),
traditionally Al dot could have been formed on Pd,Si-n-Si
structure. But Al has high diffusion ability and it can lead
to degrade contact’s quality. Therefore in this work, to pre-
vent the disadvantage of Al diffusion to n-Si, the TiW alloy
played the role of the diffusion barrier between Pd,Si, and
Al was deposited on Pd,Si-—n-Si layer. For this process, the
sandwiched structure Al-Ti;(Wg9, was deposited by the
magnetron sputtering method at temperature of 420 °C in

vacuum system ‘Oratoria-5 and then annealed at tempera-
ture of 500 °C in nitrogen atmosphere (N,) for 20 min.
Prior to the deposition, vacuum and target conditions were
performed. Taking into account the dispersion factor of Ti
and W, the compound target (Ti 10%, W 90%) were made.
The deposition chamber was pumped down to the ultimate
vacuum and repeatedly charged with argon and pumped
down in order to minimize the residual gas components.
The alloy compound target film was bombarded by Ar"
ions with high energy at room temperature until the thick-
ness of Ti;gWyg film on Pd,Si-—n-Si substrate was about
0.2 um. The base pressure during the ion bombardments
was about 107° Torr. Al was also deposited onto TiW-—
Pd,Si/n-Si structure by the same method until the thickness
of Al film on Ti;(Wgo-Pd2Si-n-Si layer was about 1 um.
The C-V ang G/w—-V measurements were performed in
the frequency range of 5kHz-10 MHz by using a HP
4192A LF impedance analyzer and small sinusoidal test
signal of 20mV,_, from the external pulse generator is
applied to the sample in order to meet the requirement.
All measurements were carried out with the help of a
microcomputer through an IEEE-488 ac/dc converter card.

3. Results and discussion

The frequency dependence of dielectric constant (&),
dielectric loss (&”), loss tangent (tan d), ac electrical conduc-
tivity (0,.) and electric modulus were evaluated from the
knowledge of capacitance and conductance measurements
for AI-TiW-Pd,Si/n-Si structures in the frequency range
of 5 kHz-10 MHz, at room temperature. The complex per-
mittivity can be written [22,23] as

& =¢ —id" (1)

where ¢’ and ¢” are the real and imaginary of complex per-
mittivity, and i is the imaginary root of —1. The complex
permittivity formalism has been employed to describe the
electrical and dielectric properties. In the ¢* formalism, in
the case of admittance Y* measurements, the following
relation holds

. Y c .G

© TieC, ¢, wl, @)

where C and G are the measured capacitance and conduc-
tance of the device, w is the angular frequency (o = 2xf) of
the applied electric field [28]. The real part of the complex
permittivity, the dielectric constant (¢’), at the various fre-
quencies is calculated using the measured capacitance val-
ues at the strong accumulation region from the relation
[17,25],

o o)

C, ¢,A4

where C, is capacitance of an empty capacitor, 4 is the rec-
tifier contact area of the structure in cm ™2, d, is the interfa-

cial insulator layer thickness and ¢, is the permittivity of
free space charge (&, = 8.85x 107" F/cm). In the strong

&
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accumulation region, the maximal capacitance of the
structure corresponds to the insulator capacitance
(Cac = Ci=¢' £,A4/d). The imaginary part of the complex
permittivity, the dielectric loss (¢”), at the various frequen-
cies is calculated using the measured conductance values
from the relation,

G Gd;
J — — ! 4
¢ oC;  gwA “)

The loss tangent (tan d) can be expressed as follows [17,22—
23],

/"

tano = F—/ (5)
€

The ac electrical conductivity (o,.) of the dielectric material

can be given by the following equation: [22,28,29],

0. = wCtandé(d/A) = &' ws, (6)

The complex impedance (Z*) and complex electric modulus
(M) formalisms were discussed by various authors with re-
gard to the analysis of dielectric materials [18,22]. Analysis
of the complex permittivity (¢*) data in the Z* formalism
(Z"=1/Y" = 1/iwC,ye") is commonly used to separate the
bulk and the surface phenomena and to determine the bulk
dc conductivity of the material [24,28]. Many authors pre-
fer to describe the dielectric properties of these devices by
using the electric modulus formalize [29,30]. The complex
impedance or the complex permittivity (¢* = 1/M") data
are transformed into the M* formalism using the following
relation [29-32]

M =iwC,Z* (7)
or

* 1 ! i & . &’
M :_*:M +jM :8/2+8//2+18/2+8//2 (8>

The real component M’ and the imaginary component M’
are calculated from ¢’ and ¢”. Fig. 1 shows the voltage
dependence of the real part of dielectric constant (¢) of
the Al-TiW-Pd,Si/n-Si structure at various frequencies.
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Fig. 1. The variations of the dielectric constant vs applied voltage for
various frequencies of AI-TiW-Pd,Si/n-Si structure at room temperature.

It is noticed that the values of ¢’ increase with decreasing
frequency and tend to be frequency independent at low
voltages. The decrease in ¢ with increasing frequency
may be attributed to the polarization decreasing with
increasing frequency and then reaches a constant value
due to the fact that beyond a certain frequency of external
field the electron hopping cannot follow the alternative
field. The dispersion in ¢’ with frequency can be attributed
to Maxwell-Wagner type interfacial polarization, i.e. the
fact that inhomogeneities give rise to a frequency depen-
dence of the conductivity because charge carries accumu-
late at the boundaries of less conducting regions, thereby
creating interfacial polarization [17]. Figs. 2 and 3 show
the voltage dependence of dielectric loss (¢”) and the loss
tangent (tand) of the TiW-Pd,Si/n-Si structure at various
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Fig. 2. The variations of dielectric loss vs applied voltage for various
frequencies of Al-TiW-Pd,Si/n-Si structure at room temperature.
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Fig. 3. The variations of tangent loss vs applied voltage for various
frequencies of Al-TiW-Pd,Si/n-Si structure at room temperature.
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frequencies. As can be seen in these figures, the values of ¢”
and tano are strongly dependent on both frequency and
applied bias voltage. The ¢’V and tanJ—V characteristics
have a peak especially at low frequency. The peak values
of ¢’V and tand-V have decreased with increasing fre-
quency and the peak positions strongly shift towards neg-
ative bias region.

The peak behavior of the ¢’ and tan 6 depend on a num-
ber of parameters such as doping concentration, interface
state density, series resistance of diode and the thickness
of the interfacial insulator layer [33]. It is well known that
the capacitance and conductance are extremely sensitive to
the interface properties and series resistance [10,21]. This
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Fig. 4. Frequency dependence of the (a) ¢, (b) ¢’ and (c) tand for various
applied voltage of Al-TiW-Pd,Si/n-Si structure at room temperature.

occurs because of the interface states that respond differ-
ently to low and high frequencies. Similar results have been
reported in the literature [8,19,21,24] and they ascribed
such a peak to only interface states.

The frequency dependence of the ¢, ¢’ and tand of Al-
TiW-Pd,Si/n-Si at different voltage are presented in
Fig. 4a, b and c, respectively. The values of the &', ¢’ and
tan d obtained from the measured capacitance and conduc-
tance were found a strong function of applied voltage espe-
cially at low frequencies. As shown in Fig. 4a, the values of
¢’ show a steep decrease with increasing frequency for each
voltage. On the other hand, the values of ¢” (Fig. 4b) show
a broad peak, and its intensity increases with decreasing
voltage and shifts towards the lower frequency side.

The peak values of tan 0—f (Fig. 4c) have decreased with
increasing voltage and the peak positions tend to shift
towards high frequency region. Also, it is clearly seen in
Fig. 4, that the values of ¢, ¢’ and tand of Al-TiW-
Pd,Si/n-Si are almost independent of voltage at high fre-
quencies. In principle, at low frequencies, all the four types
of polarization processes, i.e. the electronic, ionic, dipolar,
and interfacial or surface polarization contribute to the val-
ues of ¢’ and ¢". In addition, at high frequencies the values
of ¢’ become closer to the values of ¢” due to the interface
states (Ngs) cannot follow the ac signal at enough high fre-
quency (f = 500 kHz) [33-36].

The behavior of ac electrical conductivity (o,.) of the
Al-TiW-Pd,Si/n-Si structure at different voltage is pre-
sented in Fig. 5. It is noticed that the electrical conductivity
generally increases with increasing frequency at low fre-
quencies up to 30 kHz, and after this frequency it is inde-
pendent of frequency for each voltage. This electrical
conductivity contributes only to the dielectric loss, which
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Fig. 5. Frequency dependence of ac electrical conductivity (o,.) for
various applied voltage of AI-TiW-Pd,Si/n-Si structure at room
temperature.
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Fig. 6. (a) The real part M’ and (b) the imaginary part M” of electric
modulus M* vs frequency for Al-TiW-Pd,Si/n-Si structure at room
temperature.

becomes infinite at zero frequency and not important at
high frequencies [37-40]. The increase of the electrical con-
ductivity lead to an increase of the eddy current which in
turn increases the energy loss tang 6. This behavior can
be attributed to a gradual decrease in series resistance with
increasing frequency [40].

The variation of the real part of electric modulus, M’,
and their imaginary part of M”, of Al-TiW-Pd,Si/n-Si
structure as a function of frequency at various bias voltages
are given in Fig. 6a and b, respectively, at room tempera-
ture. It is evident from Fig. 6 that for each bias voltage,
M’ reaches a constant value at higher frequency. In other
words, M’ reaches a maximum constant value correspond-
ing to M. = 1/, due to the relaxation process. At low fre-
quencies, the values of M’ approach zero, confirming the

removal of electrode polarization. As being different from
literature [29-33], the M” of electric modulus M* vs f have
a peak for each voltage (Fig. 6b). While there is an increase
in M" between 5kHz and 300 kHz, there is a decrease
between 300 kHz and 10 MHz. The variation of M” with
frequency at various bias voltages in Fig. 6b reveals that
as frequency increases M” increases and takes a peak value
at each bias voltage between ~200 kHz and 1 MHz. The
position of peak shifts to higher frequency with increasing
gate voltage.

4. Conclusions

A thin film of TiW alloy was deposited on Pd,Si-—n-Si to
form the diffusion barrier in a novel Al-TiW-Pd,Si/n-Si
structure. An analysis of experimental results have shown
that the values of ¢’ show a steep decrease with increasing
frequency for each voltage while the values of ¢’ show a
peak, and its intensity increases with decreasing voltage
and shifts towards the lower frequency side. The ac electri-
cal conductivity (o,.) and the real part of electric modulus
(M') increase with increasing frequency. Also, the imagi-
nary part of electric modulus (M”) shows a peak and the
peak position shifts to higher frequency with increasing
applied voltage. It is conclude that the values of &', ¢”, tan ¢,
M’ and M" in Al-TiW-Pd,Si/n-Si structure are strongly
depend on both the frequency and applied bias voltage.
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