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Abstract. The quest for low power consumption devices with new functionalities has made the negative capacitance
(NC) effect, the most captivating and studied phenomenon. The NC effect is observed in Cu–TiC thin film at a lowfrequency range between 112.9 Hz and 2 kHz. The Cu–TiC thin film was deposited on Si (100) substrate by DC
magnetron co-sputtering process and then annealed in a vacuum at different temperatures (100–600°C). The magnitude of
NC increased from -0.016 to -27.5 lF after annealing. The NC behaviour is also observed in the forward biased region
of the capacitance–voltage (C–V) characteristics. The current–voltage (I–V) characteristics reveal the decreasing static and
dynamic resistance for higher annealed films. An improved electrical conductivity (27.70 9 103 to 384.62 9 103 S m-1)
is evidenced with decreasing ideality factor (2.01–0.55) in the post-annealed films. The films were found to be polycrystalline from X-ray diffraction patterns with Cu and TiC phases. Raman studies have also confirmed the presence of Cu
and TiC vibrational modes in all films. The intensity of C peaks detected at 1359 cm-1 (D peak) and at 1590 cm-1 (G
peak) in the as-deposited film decreased after annealing. The annealing effect reduced the amount of unreacted carbon and
contributed to form stoichiometric TiC from non-stoichiometric TiC.
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Introduction

The synthesis of ternary thin film by magnetron co-sputtering technique is the most widely used process that has
pushed materials science research for manufacturing economically innovative materials. The electrical and power
industries are always in the pursuit of materials and coatings
with variable electrical conductivity and dielectric behaviour. Copper is already a well-known material in this
search list, having good thermal and electrical conductivity
[1–4]. Transition metal carbides like TiC have also become
a popular composite material for its high melting point and
hardness in addition to its good thermal conductivity,
electrical conductivity and chemical stability [5,6]. A lot of
effort has been made to produce Cu–TiC composites by
different processes: mechanical milling [7], friction stir
processing [8], self-propagating high-temperature synthesis
(SHS) [9,10], DC unbalanced magnetron sputtering from
sintered TiC target fixed by Cu rings [11], Cu casting in TiC
powder [12] etc. In some studies, thermal annealing has
attributed towards an increase in the electrical conductivity
of the composite material [13]. Annealing can be the most

recommended process which can alter or repair defects in
the film, improve crystallinity and increase grain boundaries
[14]. Under these circumstances, it is very challenging to
study the transport properties of the film, namely, electrical
conductivity and capacitive behaviour in AC analysis. A
low-frequency negative capacitance (NC) effect is reported
in ferroelectrics [15], in piezoelectric ZnO thin films [16],
semiconductors, conducting polymers [17–19] and in metalsemiconductor interface [20]. The cause of NC depends on
non-monotonic transient current behaviour [21], injection of
carriers by generation-recombination process [22] and also
due to contact or interface effects [23–25].
The synthesis of Cu–TiC thin film, metal–transition metal
carbide thin film by magnetron co-sputtering technique (DC
mode only) is yet to be realized. It will be very interesting to
study the electrical conductivity and dielectric behaviour of
these films. It is intriguing to unveil the transport properties
of films due to the annealing effect. An attempt has been
made in the present investigation to synthesize Cu–TiC thin
film on Si wafer in DC magnetron co-sputtered mode under
Ar environment. Further, the thin film is subjected to
annealing in a vacuum chamber for 2 h at respective
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temperatures. The X-ray diffraction (XRD) pattern portrays
the crystalline structure of the film. I–V characteristics,
C–V characteristics, frequency dependent capacitance and
resistance behaviour across the films are studied due to the
annealing effect. The characteristic stoichiometric peak
broadening of this thin film is observed through Raman
spectra.
This research study suggests that in future the Cu–TiC
thin film can be utilized in designing Cu–TiC-based electronic devices which can be useful to downscale the integrated circuit elements. The negative dielectric constant
film is widely used in creating metamaterials or artificial
negative index materials (NIMs). The research study may
find applications in low power switching devices by
replacing insulating materials and reducing the energy of
the device.

2.
2.1

Experimental
Synthesis

The intermetallic Cu–TiC thin film is deposited by DC
magnetron sputtering system (AJA International Phase II J,
model ATC 2200 UHV) using separate target elements,
copper (Cu), titanium (Ti) and carbon (C) on a silicon (Si)
substrate (100) wafer in an argon (Ar) gas environment. The
Si substrates were cleaned primarily with acetone and isopropyl alcohol, finally washed in an ultrasonic bath with
distilled water and dried at room temperature. The thickness
of the Si substrate wafer was 300 lm on which the deposition was performed. The target size of Cu, Ti and C was 2
inches, 2 inches and 3 inches, respectively, with purity of
99.99%. Initially, the deposition rate of the individual target
element was calibrated on the Si wafer separately. The
atomic percentage of Cu, Ti and C was 33% each, i.e., in the
ratio of 1:1:1. To obtain Cu–TiC thin film for a required
film thickness of 200 nm, the total deposition rate of the
material was 31.6 Å min-1 and the total deposition time
was 63 min and 17 s. The DC power applied (for the
required thickness and deposition rate) to Cu target was
15 W (DC voltage = 370 V), it was 85 W (DC voltage = 363 V) and 200 W (DC voltage = 563 V) for Ti and
C, respectively. During the deposition process, the substrate
temperature was maintained at *100°C, as observed from
a thermocouple detector. UHP argon (Ar) gas of purity
99.999% was allowed into the sputter chamber with a set
point of 50 sccm. The base pressure and working pressure
of the chamber are maintained at 2.67 9 10-5 and
4.7 9 10-1 Pa. The substrate holder is axially rotated at a
speed of 60 rpm (revolutions per minute) to attain a uniform
film thickness. The target to substrate distance in the vacuum chamber is fixed at 40 mm for all deposition processes.
The deposition process took place in a completely magnetron plasma environment.
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2.2

Annealing

The thin films are synthesized altogether and then moved to
another annealing chamber and treated individually at different temperatures of 100, 200, 300, 400, 500 and 600°C,
respectively. The ultra-high vacuum chamber includes a fast
heating electron beam annealing setup. All the films were
annealed separately for 2 h. The base pressure of the
annealing chamber was maintained at 10-3 Pa [26].

2.3

Characterization

The deposited Cu–TiC thin film along with different
annealed films was examined by XRD with CuKa radiation.
The XRD measurements were carried out using a Bruker D8
Advance X-ray diffractometer. The X-rays were produced
using a sealed tube and the wavelength of X-ray was
0.154 nm. The point detector and the thin film were moved
in such a way that the detector was always at 2h and the film
surface was always at h to the incident X-ray beam (from a
fixed source). To investigate the transport properties of the
thin film, it is necessary to get the I–V characteristics. A
suitable DC power supply (Scientific 0–30 V, 3 A, model
PSD3003) is used to provide the applied bias across the asdeposited Cu–TiC thin film along with different annealed
films. The Al electrodes are deposited on the surface of the
film by a vacuum coating unit. The corresponding direct
current is measured by a (Keithley 2100 6) digital multimeter. The frequency response across the films is observed
regarding capacitance and resistance by an impedance
analyser (Agilent 4294A, 40 Hz to 100 MHz). The oscillation level of the AC source was kept constant at 500 mV.
The C–V measurements were carried out with the help of
HP 4284A precision LCR (20 Hz to 1 MHz) meter with 1%
basic accuracy. Raman spectroscopy was performed with
Jobin Yvon Horibra LABRAM-HR (spectral resolution = 1 cm-1, k = 473 nm, grating = 1800 lines/millimeter, confocal hole = 1000 lm, slit-width = 100 lm,
lens = 50 9 LWD and collection time = 100 s). All the
measurements were carried out at room temperature.

3.
3.1

Results and discussion
XRD analysis

Figure 1 shows the XRD pattern of Cu–TiC thin films
exhibiting peaks of Cu and TiC in all the annealed films
ensuring successful formation of Cu and TiC phases in all
the films. So DC magnetron co-sputtering technique was
used successfully in the synthesis of polycrystalline thin
films with face centred cubic (fcc) structure [9,27]. The Cu
(111) plane has the highest intensity in all the films [11]. A
secondary peak of Cu was present at (200). The intensity of
both the Cu planes increased with annealing temperature.
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XRD pattern at different annealing temperature.

The TiC (111) and (200) are present in all the films and
their relative peak intensity have also increased marginally
with increase in annealing temperature. So the influence of
annealing temperature plays a dominant role in determining
the structure of the Cu–TiC thin film.
The microstructure of the Cu–TiC thin films was studied
based on its coherent domain size which was calculated
using Scherrer’s formula,
dhkl ¼

kk
:
b cos h

ð1Þ

Here, dhkl is the coherent domain size, k *0.89 is the shape
factor, k is the wavelength of X-ray, b is full-width at halfmaximum and h is a diffraction angle. The coherent domain
size for the as-deposited film upto 600°C annealed films
were 46.77, 46.77, 47.75, 49.55, 50.03, 56.52 and 56.48 nm,
respectively. The crystallite size corresponds to the regions
of coherent diffraction domain inside the material. The
interplanar spacing or d-spacing (using Bragg’s law) for the
four planes of Cu–TiC thin films were 0.25 nm
(h = 35.77°), 0.21 nm (h = 41.96°), 0.2 nm (h = 44.08°)
and 0.17 nm (h = 51.6°) respectively. The d-spacing values
of the first three films are nearly close to that of the commercial bulk TiC (0.25 nm). The inclusion of Cu phase with
TiC phase may be the reason behind the variation of the
microstructural properties.

3.2

Electrical conductivity

Figure 2 shows the I–V characteristic of Cu–TiC thin films
where the measurements were conducted in DC mode.
Figure 2a shows the schematic diagram of the sample with
DC source (Vs) and milliammeter (mA). The aluminium
(Al) electrodes were deposited on both sides for I–V measurement on the surface of the thin films. Figure 2b shows
the forward characteristic curve of the films at different

Figure 2. I–V characteristics of the Cu–TiC; (a) schematic
diagram of the sample in forward biased mode and (b) forward
characteristics plots at different annealing temperatures.

annealing temperatures. I–V measurements are not linear or
ohmic at all regions of the curve. So the nature of contact is
supposed to be Schottky contact in all the films. The minimum current across the as-deposited film of dimension
1 9 1 cm2 is observed to be 0.45 mA with applied bias
voltage of 0.1 V, whereas the current is increased to
33.19 mA with applied bias voltage of 2 V. The current
behaviour is almost the same for the 100°C annealed film
but it increases considerably from 200°C annealed films.
The I–V curves were almost aligned for the 500 and 600°C
films. The voltage across the film has not been exceeded too
much and kept approximately near 2 V so that the maximum current rating was close to *100 mA for the
respective films. Table 1 shows the DC static resistances
(Rs) and AC dynamic resistances (Rd) on the surface of the
thin films which were calculated from figure 2. The static
resistance is calculated at two points in the x axis of the
curve (Rs1 at 0.5 V and Rs2 at 1.5 V). But the dynamic
resistance is calculated between two points at two regions of
the curve by taking slope as DV/DI. Rd1 is taken at low
current region where DV = 0.5 V (between 0.5 and 1 V)
and Rd2 at high current region where DV = 0.3 V (between
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Table 1.
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Variation of static resistance, dynamic resistance, reverse saturation current and ideality factor across Cu–TiC thin film.
Static resistance

Cu–TiC thin
film
As-deposited
At 100°C
At 200°C
At 300°C
At 400°C
At 500°C
At 600°C

(at 0.5 V) Rs1 (at 1.5 V) Rs2
(X)
(X)
190
138.88
50.81
23.9
20.47
16.05
15.15

87.56
82.87
38.45
23.43
18.3
16.85
16.3

Dynamic resistance
(low current region)
Rd1 (X)

(high current region)
Rd2 (X)

Reverse saturation
current (lA)

Ideality
factor (n)

86.2
86.2
49.65
23.6
18
18
18

41.67
41.67
42.79
32.39
23.8
17.92
18.1

2.52
4.08
8.69
23.75
26.83
33.7
35.08

2.01
1.5
1.5
0.63
0.6
0.56
0.55

1.5 and 1.7 V). The static resistance of the as-deposited film
decreases from 222 to 60 X (at 0.1–2 V) i.e., almost onethird of the initial resistance. The minimum resistances of
all the films have nearly decreased between 15 and 18 X.
According to table 1, it can be seen that the static resistance
from Rs1 to Rs2 and dynamic resistance from Rd1 to Rd2 for
the first three films has decreased but remains almost the
same for the last three films. Therefore, the current behaviour of the films is non-linear at the beginning, but it shows
certain linearity at higher voltages. The decrease in resistance is significant in all the films, which depicts the
improved electrical conductivity. The electrical conductivity of a material is often found due to enhancement of
charge carriers. The electrons from filled valence band will
occupy the empty conduction band and thus contribute in
current conduction, lowering its DC resistance. The nonlinearity of the I–V curves with its lowering DC resistance
might have been due to some semiconducting properties of
the Cu–TiC thin film. The non-linearity was more pronounced in the as-deposited film and at lower annealing
temperatures.
It is already stated that rectification in unipolar heterojunction or in metal–semiconductor junctions can increase
the ideality factor to a great extent. The externally measured
ideality factor is the sum of the ideality factors of the
individual rectifying junctions [28]. The nature of the
metal–semiconductor interface based on its non-linearity
reflects the value of ideality factor which can be greater
than 1 and its specific value depends on I–V characteristics
of the thin film. If I–V measurement is dominated by the
metal contact, the ideality factor may reach higher values.
The Shockley equation can give the dependence of forward current I on applied voltage v,
I ¼ I0 ½expðqv=nKT Þ  1:

ð2Þ

In equation (2), q is the charge of an electron, K is the
Boltzmann constant, T is the temperature at absolute scale
(room temperature considered here; 300 K) and n is the
dimensionless ideality factor which expresses the change in
barrier height due to forward bias.

Since expðqv=nKT Þ  1; equation (2) can be reduced to,
I ¼ I0 ½expðqv=nKT Þ:

ð3Þ

Taking ln on both sides we get
ln I ¼ ðq=nKT Þv þ ln I0

ð4Þ

Equation (4) resembles the equation of slope of a straight
line as ðy ¼ mx þ cÞ, where m ¼ ðq=nKT Þ and c ¼ ln I0 .
The ideality factor (n) and reverse saturation current I0 can
be calculated by taking natural logarithm of y axis data of
figure 2. The variation of reverse saturation current I0 and
ideality factor (n) is shown in table 1. A high value of
ideality factor (n [ 1) has been observed in the as-deposited
Cu–TiC thin films. The reverse saturation current has
increased due to annealing, but the ideality factor has
decreased in all the samples. Both the values become almost
constant at the 500 and 600°C annealed sample. The reverse
saturation current has increased from 2.52 to 35.08 lA.
Also, the ideality factor has decreased from 2.01 to 0.55,
about four times the as-deposited sample. The variation of
ideality factor of the Cu–TiC thin films may be due to
production of local defects due to annealing. These defects
could have influenced the decrease of surface resistance
across the films. A higher value of ideality factor is commonly observed in the heterostructures of two different
materials having a large lattice mismatch [29]. This high
value may also arise from image force and surface effects
such as surface charges and an interfacial dielectric layer
between the metal and the semiconductor. A large ideality
factor (n [ 1) often shows that above the barrier, emission
of charge carriers is greater than the forward-biased current.
The interface dipoles often decrease the ideality factor due
to low ohmic contact resistances. The dependence of
reverse saturation current is entirely on the diffusion coefficient of electrons and holes. The thermally generated
minority carriers are highly sensitive to temperature changes and the reverse saturation current is almost unaffected
by the reverse bias. Since this current is due to minority
carriers and the numbers of minority carriers are fixed at a
temperature, the current is almost constant at higher
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annealing temperatures. These parameters of Cu–TiC thin
films as a function of annealing effect were not reported
before. This metal–transition metal carbide may have
formed a metal–semiconductor junction with high value of
ideality factor and reverse saturation current. Their variation at different annealing temperatures may be attributed to
metal–semiconductor interfacial reactions with lateral
inhomogeneity where electrons surmount at higher barriers.
This may conclude with the high barrier height of the
metal–semiconductor junction. The low forward voltage
and fast recovery time may lead to its increased efficiency
in applications as rectifiers of low power supply.
The decrease in resistance is further verified from the
resistance frequency response curve in figure 3. The resistance of the Cu–TiC film is observed to be very low and
constant due to the application of an AC source where the
frequency is varied from 10 kHz to 10 MHz. The resistance
of the film decreases sharply from 139 to 15 X for the asdeposited film to 600°C annealed film. The measured
resistance remains almost constant across the variable frequency of the AC source. Table 2 shows the electrical
resistivity and conductivity of the (1 9 1) cm2 film which is
calculated from the resistance curve in figure 3. The conductivity has increased from 27.70 9 103 S m-1 for the
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as-deposited film to 384.62 9 103 S m-1 for the 600°C
annealed film. At higher frequency also, the resistivity of
the films are independent of frequency. The decrease in
resistance due to annealing effect is almost comparable with
the values obtained from the I–V characteristics curve.
The metal–semiconductor interface CuTiSe2 and CuSe
are already reported to have low resistance under forwardbias condition [30,31]. Since carbon and selenium have
electronegativity of 2.55, it may form a polar bond with
copper and titanium. The electrical conductivity of the Cu–
TiC thin film is explained based on the DC current voltage
(I–V) characteristics. The electrical conductivity of elemental copper (5.96 9 107 S m-1), titanium (2.38 9 106
S m-1) and carbon (1.25 9 103 to 2 9 103 S m-1) are
reported at room temperature. Accordingly, in this study,
the electrical conductivity of all the films was high and it
increased with an increase in annealing temperature. Since
Cu–TiC thin films have been annealed to high temperatures
up to 600°C, the annealing effect has influenced both the
local defects and defects that produce recrystallization or
improve crystalline property of the films. This has influenced the density of charge carriers within the film. The
annealing process could have been extended but at higher
temperature annealing may often result in cracks and voids
as compared to as-deposited films. The annealing temperature at 600°C could not change the crystal structure of the
film and did not create any visible cracks.

3.3

NC effect

The dielectric behaviour of the Cu–TiC thin film at different
annealed temperatures is shown in figure 4. Table 3 depicts
the initial dielectric constant regarding initial capacitance
(Ci) and maximum NC (Cmax) with maximum dielectric
constant. The dielectric constant (k) has been calculated
from the equation given below:
k¼

Figure 3. Frequency-resistance plot of Cu–TiC thin films at
different annealing temperatures.
Table 2.

Cd
:
A  e0

ð5Þ

Here C = capacitance in Farad, d = 300 lm (thickness of
the whole sample), A = (1 9 1) cm2 (surface area of the
film) and e0 = 8.85 9 10-12 F m-1 (absolute permittivity).
According to figure 4a, the initial capacitance is positive in

Variation of resistivity and conductivity across the Cu–TiC thin film.

Cu–TiC thin film
As-deposited
At 100°C
At 200°C
At 300°C
At 400°C
At 500°C
At 600°C

Resistance (X)
139
132
73
51
25
17
15

Resistivity (X m)
3.61
2.77
1.61
1.02
0.96
0.31
0.26

9
9
9
9
9
9
9

10-5
10-5
10-5
10-5
10-5
10-5
10-5

Conductivity (S m-1)
27.70
36.1
62.11
98.03
104.17
322.58
384.62

9
9
9
9
9
9
9

103
103
103
103
103
103
103
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Figure 4. Frequency–capacitance response curve: (a) for the as-deposited Cu–TiC thin film and
other annealed films, (b) the magnified image (inset figure) shows the intensity of the NC in the
annealed films and (c) the magnified image of the as-deposited film and 100°C annealed film is
shown in deep inset figure.
Table 3.

Variation of dielectric constant with initial capacitance at 40 Hz and maximum NC across the different Cu–TiC thin films.

Cu–TiC thin film
As-deposited
At 100°C
At 200°C
At 300°C
At 400°C
At 500°C
At 600°C

Initial capacitance Ci (lF)

Initial dielectric constant

Maximum NC Cmax (lF)

Dielectric constant (at Cmax)

0.071
0.11
55.6
93.4
140.2
210.7
242.3

234.3
363.2
18.34 9 104
30.82 9 104
47.2 9 104
69.53 9 104
79.95 9 104

-0.016 at 315 Hz
-0.0264 at 280 Hz
-6.41 at 296 Hz
-10.67 at 300 Hz
-15.97 at 369 Hz
-23.9 at 370 Hz
-27.5 at 373 Hz

-52.8
-87.12
-2.1 9 104
-3.52 9 104
-5.27 9 104
-7.88 9 104
-9.07 9 104

every film and gradually increases at higher temperature
annealed films. The NC effect starts between 112.93 and
141.06 Hz in every film. The amplitude of the NC increases
as frequency is increased and it reaches maximum negative
value between 250 and 380 Hz. The intensity of NC has
increased consistently till the 600°C annealed film (shown
in figure 4b). As NC value is directly proportional, the
value of dielectric constant has also increased and continued
till 600°C annealed film. Again the change in NC and so
dielectric constant is almost very close for the 500 and
600°C annealed specimen. So it can be concluded that the
dielectric behaviour is unaltered till 100°C annealing and
reaches a transient regime at higher annealing temperatures.
A stable regime has been achieved at 500°C annealing. So,
the annealing temperature should be at least above 500°C or
eventually 600°C and more. At higher frequency, i.e., above
2–100 kHz, the capacitance gradually saturates to zero
level. Though the capacitive behaviour is found to be noisy

initially in the first two curves of the inset of figure 4c, it is
reduced in the annealed samples between 200 and 600°C.
So these suggest that if there was any defect state present in
the sample, then it must have been removed after annealing
at a very high temperature.
Figure 5 shows the C–V characteristics for the Cu–TiC
thin films when the frequency is kept constant at 300 Hz,
since the NC has been observed at low frequency between
(250–380) Hz in figure 4. The schematic of the sample with
Al electrodes and LCR meter for C–V measurement is
shown in figure 5a. The capacitances across the films are
recorded by an LCR meter at variable voltages (tuning the
forward and reverse biased mode of the inbuilt DC source
equipped with LCR meter). According to figure 5b, the
initial capacitance was positive in all the films at reverse
bias mode. But at forward-bias condition, NC was observed
in every film very similar to the results obtained as shown in
figure 4. The NC value increased with an increase in
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varied a lot with the applied bias. A saturation region of NC
was achieved at 1.2 V, for all the films, respectively.
NC arises in devices when the oscillations of charges are
in anti-phase with the driving voltage. Some additional
inertial process forces the phase of the current to lag the
applied voltage. The term NC proposes the inductive
behaviour of the material. The bulk traps within the material
store and releases charges with application of appropriate
bias. The electrons and holes often overlap each other to
produce recombination current, if the electron–hole
recombination rate is finite in finite volume. The type of
recombination can be direct Langevin-type bimolecular
recombination or recombination mediated by localized
traps. This time-dependent recombination current contributes to NC in low-frequency range [24]. The capacitance
of a sample is the reactive part of the total current, which
comprises conduction current and displacement current. In
case of NC, the conduction current is greater than displacement current. Therefore, the capacitance is determined
by the current passing through the material without charging effects, not related with charge accumulation [20]. At
higher frequencies, the capacitance of the film approaches
geometric capacitance e/L (where L is the electrode separation and e is the dielectric constant), so it saturates at zero
amplitude, neglecting the existence of parasitic inductance
in the external circuit [17,18]. The total current in the
sample comprises (i) instantaneous component charging
static capacitance C0 and (ii) relaxation component due to
charge generation and recombination. The frequency
dependence on capacitance can be related as [24]:

Z1
dojðtÞ
C ð f Þ ¼ C0 þ ð1=2pf DV Þ

sin xt:
ð6Þ
dt
0

Figure 5. Capacitance–voltage
(C–V)
characteristics
(a) schematic diagram of Cu–TiC film with LCR meter, (b) for
Cu–TiC and other annealed films (c) magnified plot for asdeposited and 100°C annealed film. The applied voltage bias is the
same for both the figures.

forward-bias voltage up to 2 V in all the films. The value of
initial capacitance and NC was very low in the as-deposited
and 100°C film (magnified figure 5c). The capacitance
value increased significantly from the 200°C annealed film
to 600°C annealed film. The depletion layers of the films

Here ojðtÞ is the relaxation component due to change in
voltage DV. If ½dojðtÞ=dt is negative, then the integral in
equation (6) is negative and capacitance C(f) can be less
than C0. In the case of non-monotonicity or positive-valued
behaviour of the derivative of the current, capacitance can
be negative in limited frequency range. So the origin of NC
effect in metal–transition metal carbide interface maybe
related to the non-monotonic behaviour of the inertial current with time [20]. The remarkable enhancement of NC
effect is often related to high values of transient current and
charge transport phenomenon in low-frequency range [32].
In electromagnetism, the dielectric constant is the measure
of resistance that is encountered when forming an electric
field in a medium. Due to polarization effects, more electric
flux exists in a medium with a low dielectric constant. It is a
measure of how easily a dielectric polarizes in response to
an electric field. The phenomenon of NC at metal–semiconductor interface may be attributed to the impact-loss of
electrons at the occupied interface states [21]. The origin of
NC is often observed in different ferroelectric materials and
explained and modelled in terms of Landau–Ginzburg–
Devonshire (LGD) approach [33]. The NC originating here
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can nearly be comparable with the models earlier reported
in different materials [34–36]. We believe that the type of
NC originating in Cu–TiC thin film can contribute further in
detailed theoretical discussions in the future. The existence
of NC is possible in different materials, including thin films
as well.
This study aims to report the existence and enhancement
of NC in this new-generation Cu–TiC thin film and how it
varies due to annealing effect. The NC implies a voltage
drop as opposed due to applied bias, but results in voltage
amplification to the rest of the electronic circuit. The
interest in using NC devices as ferroelectric capacitors and
in low power electronic circuits is to generate more efficient
devices [37,38].

3.4

Raman spectra analysis

Raman spectroscopy is an important tool to study the formation of TiC with copper or copper oxides and also for the
characterization of crystalline and amorphous carbon
[39,40]. According to figure 6, a sharp peak is observed in
the as-deposited film at 635 cm-1 with associated peaks at
298, 420 and at 795 cm-1. Relatively high intensity carbon
peaks are observed with a prominent D peak at 1359 cm-1
and G peak at 1590 cm-1 [31,39]. In previous reports,
Raman spectra of disordered carbon show two sharp modes,
the G peak at 1580–1600 cm-1 with E2g symmetry and D
peak 1320–1350 cm-1 with A1g symmetry [41–43].
According to Klein et al, Raman scattering in TiC takes
place due to disordered and induced carbon vacancies,
where the reported TiC peaks were at 260, 420 and
605 cm-1, respectively. The spectra of the first two
annealed films are very similar but with reduced carbon

Figure 6. Raman spectra of Cu–TiC thin films at different
annealing temperatures.

Bull Mater Sci (2020)43:260
peaks. The noticeable peaks in these films are at 298, 420
and at 635 cm-1. The peak at 298 cm-1 is the peak of CuO/
Cu and the peak at 420 cm-1 is the peak of TiC [39,40].
The intensity of both these peaks has increased after
annealing. The D band and G band of disordered carbon
reduced with higher annealing and merely became weak
humps in the 500 and 600°C annealed films [44,45]. The
unreacted carbon and stoichiometric TiC were Raman
active, therefore the annealing effect reduced the amount of
unreacted carbon to form TiC phase. All these were in good
agreement with XRD pattern of figure 1, where the relative
intensity of Cu and TiC peaks were also increased after
annealing. But the relative intensities of the peak at
635 cm-1 are further reduced in the following annealed
films up to 600°C annealed film. This could have been an
overlapping TiC peak which has been shifted [27,39]. The
study of the presence of Cu and TiC vibrational modes from
the surface of the as-deposited and annealed films of Cu–
TiC have revealed the formation of stoichiometric TiC from
non-stoichiometric TiC and unreacted carbon. The amount
of unreacted carbon decreases after annealing at high temperatures, but exists within the range of previous reports
[31,39,40]. This has also signified the improved crystallinity
of the films as the prominence of D and G peaks was most
likely due to sp2 amorphous carbon. There were no
noticeable peaks below 200 cm-1 and above 2200 cm-1.
There are no noticeable changes in intensity and shifting in
the peaks of the thin film with a further increase in
annealing temperature.

4.

Conclusions

The aim of the study is to investigate the effect of annealing
on the electrical and dielectric behaviour on Cu–TiC thin
film deposited by DC magnetron sputtering. The polycrystalline structure of the films is confirmed by XRD pattern
with Cu and TiC phases. The Cu (111) plane is the preferred
orientation in all the films. A decrease in static and dynamic
resistance across the films is observed from I–V characteristics with increase in annealing temperatures. The electrical conductivity increases from 27.70 9 103 S m-1 (asdeposited) to 384.62 9 103 S m-1 (600°C annealed film). A
low-frequency NC effect is witnessed where the value of
NC increases from -0.016 to -27.5 lF and so does the
dielectric constant from -52.8 to -9.07 9 104. The C–
V measurements also confirmed the existence and increase
of low-frequency NC in forward-biased mode. Raman
spectrum evidenced the formation of CuO/Cu and stoichiometric TiC phase from non-stoichiometric TiC and
unreacted carbon. The peak intensification of CuO/Cu and
TiC at higher annealing temperatures along with reduced D
and G band of unreacted carbon are in good agreement with
the XRD pattern. The properties of the films report minor
changes after annealing at 500–600°C. So annealing should
be performed at least above 500°C temperature range.
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