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We research the electrical parameters of the MWCNT/n-6H-SiC Schottky barrier diode (SBD) as a function of
temperature. Voltage-dependent current and the capacitance measurements of the diode have been made be-
tween the temperatures of 300-480 K. The surface of the diode coated with CNT by drop drying method is
examined by Scanning Electron Microscopy (SEM) and Raman Spectroscopy. It has been observed that MWCNTs
coat on the semiconductor randomly and as entangled tubes, and the intensity in the D line is higher than in the G
line. The ideality factor and barrier heights obtained from Thermionic Emission (TE) theory are in the range of
1.64-1.07 and 0.76-1.10 eV, respectively. The ideality factor and barrier heights of the produced diode are
strongly related to temperature. By using Cheung-Cheung and Norde methods, series resistance, ideality factor,
and barrier height parameters are calculated depending on temperature. It is effective in changing the series
resistance of MWCNTs used as interface material. Capacitance-voltage (C-V) measurements of the MWCNT/n-
6H-SiC Schottky barrier diode are made at different frequencies at 300 K and a frequency of 1 MHz depend-
ing on different temperature. The increase of the produced diode capacitance at low frequencies is associated

with the interface states.

1. Introduction

Carbon nanotubes (CNTs) with diameters at the nanoscale are one-
dimensional nanostructures made of carbon and in the form of a tube.
They are defined as sheets of graphite rolled into cylindrical shapes.
These graphite sheets are coiled and resemble a hexagon-like network
structure. When the graphite sheets roll to form CNTs, not only are the
carbon atoms arranged around the cylindrical shapes but also the
quantum mechanical wavefunctions of the electrons are arranged
harmoniously. Considering the number of carbon layers, they can have a
single and multi-walled structure. Single-walled carbon nanotubes
(SWCNTs) comprise of a single layer of graphene, usually hexagonally
packed bundles, with diameters ranging from 0.4 to 2 nm. The diameter
range of MWCNTs is 1-3 nm, and each graphite sheet consists of two or
more cylindrical structures [1]. MWCNTs have a structure consisting of
two or more SWCNTs with an intermediate layer that can act between
carbon atoms in different walls by non-covalent van der Walls forces.
Chemically, CNTs can be divided into two regions as edges and
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sidewalls. Depending on the molecular direction, the rolling graphite
layer has three different shapes as an armchair, a zigzag, and a chiral
[2]. Due to the nature of the bonds between carbon atoms, CNTs have
ultra-lightweight, low density, high elasticity, high tensile strength, high
thermal conductivity, and special electronic structures [3]. These
interesting physical and chemical properties make CNTs valuable in
fields as diverse as electronics, materials science, optics, nanotech-
nology, biotechnology, healthcare, and pharmaceuticals. Since carbon
nanotubes have excellent electrical properties, they are used in
high-performance diodes, field effect transistors (FETs), integrated cir-
cuits (IC), and sensors.

Despite being topologically simple, the metallic and semiconducting
behavior of CNTs is interesting for electronic technologies. In this
context, the interface states of the structures formed by CNTs with other
materials can significantly affect the operation and performance of
nanoscale electronic devices. Despite many studies on the interfacial
behavior of CNTs and metals [3-8], the difficulty of contacting or
forming contacts between CNTs and semiconductor (S) materials
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prevents detailed analysis of CNT/S device structures [9]. Besides,
studies in which the electrical properties of CNT/S heterojunction
Schottky barrier diodes (SBD) are analyzed depending on temperature
are limited. Chen and Lue [10] investigated the variation of barrier
height at the interface of aligned MWCNTs depending on temperature
for field emission studies. They have reported that MWCTNs are not
sensitive to the variation of field emission currents between the tem-
peratures of 20-300 K. They have expressed that as the temperature
decreases, the Fermi energy level increases as fewer electrons flow to the
surface from metallic MWCNTs in the interface, therefore the barrier
height in the interface decreases. Maruyama et al. [9] studied the energy
band alignment in the interface among the CNT/n-6H-SiC hetero-
junction using photoelectron spectroscopy (PES). According to the PES
results, it has been stated that the Schottky barrier has occurred at the
interface of the heterojunction structure and the barrier height at room
temperature is 1.38 eV. Uchino et al. [11] investigated on the electrical
transport characterizations of the SWCNT/Si heterojunction diode
structure in the temperature ranging of 50-300 K. They have determined
that the diode show rectifying behavior, transitions from thermionic
emission to tunneling currents are observed at the bias current at 150 K,
and the barrier heights in the interface are obtained between 0.3 and 0.5
eV. Inaba et al. [12] researched the Schottky barrier heights for the
Ti/CNT/SiC structure at different doping concentrations of SiC. They
have reported that the barrier heights derived from the contact resis-
tance ranged from 0.40 eV to 0.45 eV.

It is important that the Schottky barrier height (SBH) is low and high
in different electronic device applications. For example, in transistor
applications, a low-size Schottky barrier is preferred, which reduces
contact resistance and has a good on/off ratio. In contrast, high-
frequency applications such as sensors require a high barrier height
with good rectifying properties. Studies on the electrical behavior of
CNT/S Schottky device structures provide information about Schottky
diode parameters and conductivity mechanisms at the interface of car-
bon nanotubes and other materials. From measurements of the electrical
properties of SBDs at room temperature, no comprehensive information
is provided about the nature, properties, and conduction function of the
Schottky barrier occurring in the interface. In this context, temperature-
dependent electrical measurements of SBDs allow us to have different
perspectives on the conduction properties of these structures. In addi-
tion, the relationship between current and temperature in the device
structures created reveals the existence of the Schottky barrier. The
thermally activated current in a Schottky barrier increases with tem-
perature. In this study, the electrical properties at the interface of the
heterojunction structure formed by the pristine MWCNT and the n-type
6H-SiC semiconductor are investigated between the temperatures of
300-480 K.

2. Experimental procedure

In the production of Schottky barrier diode; n-type 6H-SiC semi-
conductor crystal from Cree Incorporation with 275 pm thickness, 2.6 x
10 cm~2 donor concentration, and (0001) orientation was used as the
substrate crystal. Before the ohmic contact was formed, the semi-
conductor crystal was chemically cleaned. Semiconductor crystal was
put in isopropanol (C3HgO), acetone (C3HgO), and methanol (CH30H),
respectively. Later, the crystal was kept in an ultrasonic bath for 5 min.
After each stage, the crystal was washed with deionized water. For
removing the natural oxide layer on the crystal, 1:10 HF + H20 solution
was prepared and kept for 15 s. Next, the crystal was dried with pure
nitrogen (99.99%) gas.

The chemically cleaned semiconductor was placed on the mask,
whose interior was empty with its matte surface down. The mask was
placed in the thermal evaporation system and the system was vacuumed
up to a pressure of 10~ mbar. The matte side of the semiconductor was
coated with pure Au (99.995%) at a thickness of 170 nm. Then, the
semiconductors were annealed under the same pressure and nitrogen
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environment at 400 °C for 3 min, allowing the Au film to precipitate into
the SiC crystal. After this process, MWCNTs supplied in powder form
(>90% carbon basis and O.D. 10-15 nm x L.D. 2-6 nm x L 0.1-10 pm
size) from Sigma-Aldrich company were weighed as 2 mg and the sus-
pension was prepared as a solution by placing them in 1 mL of dime-
thylformamide (DMF) (C3H;NO) solvent. The suspension solution
formed was mixed in an ultrasonic bath at 50 °C for 2 h. The drop drying
method, which is a chemical method, was used to coat CNTs on the
polished surface of semiconductor [13-15].

20 pL of pristine MWCNT solution was coated on the front surface of
the semiconductor. In order to clean the solution from the semi-
conductor surface, it was dried under —10 PSI vacuum at approximately
50 °C for 2 h. The semiconductor surface coated with CNT was placed on
a mask with 1 mm diameter holes. The surface, which was placed in the
thermal evaporation system, was covered with 180 nm thick pure Au
(99.95%) under a pressure of 10~® mbar and in a nitrogen environment.
Since the MWCNTs coated on the SiC surface as an interface with an
average thickness of 200 nm are of sufficient density, the diffusion of Au
metal inside the MWCNTSs can be neglected [9,12]. The representation of
the produced Au/MWCNT/n-6H-SiC/Au SBD is in Fig. 1.

In the characterization of the diode structure produced, it was
examined by Scanning Electron Microscopy (SEM) and Raman Spec-
troscopy. Current-voltage (I-V) and capacitance-voltage (C-V) proper-
ties were measured using Keithley 2400 Sourcemeter and Keysight
E4990A Impedance Analyzer. As the relationship between the current
and temperature of the produced diode shows the best diode charac-
teristics in the voltage range from —3 V to +3 V in the 300-480 K
temperature range with 20 K steps. Besides, C-V measurements were
made at the same temperature and voltage ranges.

3. Results and discussion

SEM images of the MWCNT structure coated on SiC crystal are rep-
resented in Fig. 2. Since no alignment mechanism is used in the coated of
CNTs to the crystal surface, the spaghetti-like tubes coat on the crystal
surface in an entangled and random manner (Fig. 2a and b). The outer
diameter of the CNTs varies between 17 and 22 nm (Fig. 2c), while the
thickness taken from the cross-section of the coated layer is between
184 nm and 223 nm (Fig. 2d). The multi-walled CNT structure, which is
initially in the form of spherical powder particles, softens with the effect
of DMF solution and annealing temperature and then takes a cylindrical
shape.

Raman spectra of the pristine MWCNT structure coated on SiC crystal
surface are given in Fig. 3. 1350 and 1585 cm ™! peaks reveal the exis-
tence of the D line and G line, respectively. Higher-order lines of Raman
peaks are mostly associated with primary-order D and G lines. Two more
secondary lines are seen at 2696 and 2937 cm ™! peaks, which are not
combinations of the D line and the G line. These observed peak values
are in agreement with other studies reported on MWCNT in the litera-
ture [16-18]. The 1350 cm™! signal indicating the D line in CNTs in-
dicates the existence of amorphous or disordered carbon and expresses
the disorder-induced vibrations of the C-C bonds [19]. The G line
around the 1585 cm™! peak is linked to the C-C carbon material fre-
quency in the sp? orbital and corresponds to the Epg optical mode of the
structure. Since the structure of the material is highly crystalline, the
density of the Exg mode of graphite materials is strong and sharp [20]. As
can be seen from Fig. 3, the intensity in the D line is higher than that of
the G line (Ip > Ig). The fact that MWCNTs are exposed to further pro-
cessing in DMF solution and their intensity in the D line is related to te
the occurrence of defects on the surface. These defects occurring on the
material surface cause some degree of irregularity in the CNT structure
and an increase in the D line’s intensity [21].

Main current-conduction mechanisms at the interface as a result of
contacting a metal with a semiconductor can occur as thermionic
emission (TE), tunneling across the barrier, space charge, generation,
and recombination in the neutral region. For the voltage ranges



H. Ezgin et al.

Au ohmic contact
with thermal evaporation

s
y 4

y —

Thermal annealing

Materials Science in Semiconductor Processing 147 (2022) 106672

Drop drying method

Au metal contact
MWCNT layer
6H-SiC

Au ohmic contact

Fig. 1. The production stages and the cross-sectional view of the layers of the produced Au/MWCNT/n-6H-SiC/Au SBD.
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Fig. 2. (a) The SEM image of CNTs coated on crystal surface (b) the spaghetti-like and randomly distributed CNTs (c) the outer diameter of the CNTs varies between

17 and 22 nm (d) the cross-section of the coated layer.

measured for certain temperatures in Schottky diodes, not only one of
the current conduction mechanisms may be dominant, but also the effect
of more mechanisms can be seen. The high electron mobility of many
semiconductors allows for the thermionic emission model to be
considered as the basic current limitation, ignoring diffusion or drift
currents in the depletion layer [22]. If the conduction mechanism in the
Schottky barrier is thermionic emission, electrons flow from semi-
conductor to metal, and so the graph of current and voltage increases
exponentially in case of forward bias. On the other hand, the device
saturates since the metal-to-semiconductor barrier height does not
change in the reverse bias state of the thermionic emission (TE).

Considering the TE theory, the equation of the current in the forward
bias Schottky barrier diode is given as

I:IOexp(q(Zk—;IR) (1—exp<—%)). (€8}

In this equation, the saturation current is Iy, the electron charge is q,
the application voltage of the diode is V, IR the voltage drop due to the
resistance of the diode. n, k, and T are the ideality factor, the Boltzman
constant, and the absolute temperature, respectively. The expression for
the saturation current is
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Fig. 3. Raman spectra of MWCNT coated on the n-6H-SiC substrate.
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The value of I is obtained from the point that intersects the vertical
axis in the linear region of the LnI-V graph. The diode area is the term A
in the equation, Richardson’s constant is A”, and the barrier height at
zero bias is ®y,. Richardson’s constant value for n-6H-SiC semi-
conductor is taken as 146 Acm 2K 2 [23,24]. The barrier height
expression from Eq. (2) is written as

kT  (AA'T?
Dy :—ln( ) ()
q Iy

The ideality factor value is found from the forward bias curve within
the linear part of the LnI-V graph and the expression of n is

q. (d(V-IR)
n=S1n (W) @

If the graph is nonlinear, the value of n is larger than 1 and the TE
theory alone as the current conduction mechanism of the diode is not
valid. The recombination currents inside the depletion area can cause
this situation.

The semi-log experimental I-V graph of the produced Au/MWCNT/
n-6H-SiC/Au Schottky barrier diode (SBD) between 300 and 480 K
temperature values are shown in Fig. 4. It is observed that the diode
produced by using MWCNT between Au and n-6H-SiC forms a Schottky
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Fig. 4. The semi-logarithmic I-V graph for Au/MWCNT/n-6H-SiC/Au SBD in
both forward and reverse bias current between the temperatures of 300-480 K.
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barrier. Considering the TE model, n value is derived from the slope of
the LnI-V graph, and @y, at zero bias is calculated from the intersection
of the graph. It is determined that the n values of the produced diode at
300 and 480 K temperatures are 1.64 and 1.07, and @} values are 0.76
and 1.10 eV, respectively. The graph showing the variation of n and ®y,
parameters with temperature is presented in Fig. 5. Giizel et al. [25]
calculated n and @, values of the Au/n-6H-SiC SBD between the tem-
peratures of 80-400 K. They reported that n is in the range of 6.4 to 1.8
and ®j, is in the range of 0.22-0.78 eV. The n values range from 2.1 to
1.8 and the @, values range from 0.68 to 0.78 eV for temperatures of
300-400 K. Sefaoglu et al. [26] determined that n is in the range of 1.70
to 1.16, and ®j, is in the range of 0.65-1.27 eV for the Ni/n-6H-SiC SBD
between the temperatures of 100-500 K. The n values vary between 1.27
and 1.16, and @y, values vary between 1.05 and 1.27 eV for temperatures
of 300-500 K. Kaya et al. [27] found that n is in the range of 3.41 to 1.64,
and @, is in the range of 0.39-0.90 eV for the Ni/n-6H-SiC SBD between
the temperatures of 100-500 K. The n values are in the ranging of
1.91-1.64 and the @, values are in the ranging of 0.76-0.90 eV for
temperatures of 300-400 K. When the results of these diodes are
compared with the results obtained from our study, it is seen that the
ideality factor obtained from our study is lower than the Au/n-6H-SiC
diodes, and it is slightly higher for the Ni/n-6H-SiC diode.

As can be seen in Fig. 5, ®yp, increases while n decreases with
increasing temperature. That is, while the n ideality factor exhibits an
inversely proportional relationship with the temperature, the @}, bar-
rier height reveals a directly proportional relationship with the tem-
perature. This result proves that n and @y, parameters have a strong
correlation with temperature. Since current conduction across the
interface of the diode is temperature-associated, current generation
occurs by carriers that cross the Schottky barrier, and since the tem-
perature increases, more electrons have enough energy to cross the
Schottky barrier. The higher ideality factor for MWCNT/n-6H-SiC diode
can be clarified by the presence of surface defects of the MWCNT
structure at the interface, the inhomogeneous Schottky barrier, and the
dependence of the barrier height on the supply voltage [28]. On the
other hand, the effect of recombination and tunneling currents can be
seen in the larger values of the ideality factor [28,29].

In the LnlI-V graph, the low voltage regions of the forward bias cur-
rent generally show a linear behavior. When the voltage is increased,
deviations occur in the linear region of the graph. These deviations are
due to the interface material used in the diode and the resistance caused
by the interface states. In this context, one of the essential parameters to
recognize the electrical features of Schottky diodes is the series resis-
tance (Rs). The Cheung-Cheung method is one of the methods for
determining the series resistance. Besides Rg value, n and &}, parame-
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Fig. 5. The graph of n and @, for Au/MWCNT/n-6H-SiC/Au SBD depending
on the temperature at zero bias between the temperatures of 300-480 K.
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ters are also determined in this method. Ry is described by [30].

dvV  nkT

=— +1IR 5
dmD - g +1Rs, (%)
H(I) =IRg + n®y. (6)

% - Igraph is presented in Fig. 6. While the slope of this graph gives
the Rg value, the n value is obtained from the intersection of the graph
with the y-axis.

While the Rg value is obtained from the slope of H(I) - I graph pre-
sented in Fig. 7, n®yq value is found from the intersection of the graph.
The value of @y is determined from this intersection point of the graph.
Table 1 includes the electrical properties derived from the Cheung-
Cheung method for MWCNT/n-6H-SiC SBD.

Another approach developed for the calculation of Rg is the Norde
method [31]. The method is also a convenient method for calculating
the barrier height of the diode. The disadvantage of the method is that
it’s hard to determine the minimum point on the graph. The Norde
function expression is

-3 ()

The value of y in the function is an arbitrary integer larger than the
ideality factor, and the value of p is q/kT. As seen in Fig. 8, there are
minimum points for each temperature value in F(V) - V graph. The
barrier height is obtained through the following equation,

)

Vmin 1

i

In this equation, Vy, is the value corresponding to Fpi, on F(V) - V
graph. The equation giving Rg,

Pty —n)

Imin

@, =Fpin + ®

Rs= (C)]

Experimental results with the Norde method are shown in Table 2.
According to Table 1 and Table 2, when the series resistance values
obtained from Cheung-Cheung and Norde methods are compared with
each other, there is some difference at temperatures close to room
temperature. The series resistance values determined from the Norde
method, it is higher between the temperatures of 300-420 K compared
to the Cheung-Cheung method. The R, values of both methods have
closer values to each other in the temperature range of 420-480 K. The
difference in results is due to the computational difference between the

0.12
’D
0.11 4 //,
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Fig. 6. dV/d(Inl) vs current graph of Au/MWCNT/n-6H-SiC/Au SBD at room
temperature.
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Fig. 7. H(I) vs current graph of Au/MWCNT/n-6H-SiC/Au SBD at room
temperature.
Table 1

Rs, n, and @y, values calculated by Cheung-Cheung method for Au/MWCNT/n-
6H-SiC/Au SBD.

T (K) Rs () n Rs (Q) Dy (eV)
dV/dIn(I)-1 dv/dIn(1)-1 H(D-I HD)-I

300 2.85 2.71 3.77 0.51
320 2.59 2.56 2.97 0.56
340 2.46 2.55 2.83 0.59
360 2.34 2.53 2.57 0.61
380 2.22 2.46 2.34 0.65
400 2.07 2.44 2.17 0.67
420 1.93 2.42 2.00 0.70
440 1.84 2.39 1.85 0.73
460 1.81 2.30 1.76 0.78
480 1.73 2.27 1.69 0.81
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Fig. 8. F(V) vs voltage plots of Au/MWCNT/n-6H-SiC/Au SBD between the
temperatures of 300-480 K.
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Table 2

Rs, n, and @y values calculated by the Norde method for Au/MWCNT/n-6H-

SiC/Au SBD.
T (K) Rs (Q) Dy (eV)

F(V)-v F(V)-Vv

300 75.4 0.66
320 27.8 0.70
340 19.9 0.73
360 11.7 0.76
380 7.74 0.79
400 5.33 0.82
420 3.57 0.85
440 2.55 0.87
460 1.85 0.90
480 1.27 0.93

two methods.

According to the results, it is seen that the value of Rg decreases with
increasing temperature. The higher Rg values around room temperature
in the MWCNT/n-6H-SiC diode may be associated with a decrease in the
free charge carrier concentration in the interface. Decreasing the charge
carrier concentration can increase the value of Rg [32]. Because charge
carriers with higher mobility in the interfacial layer can conduct more
freely towards metal. The temperature-dependent Rs values of the
MWCNT/n-6H-SiC diode are lower than the previously reported
Au/n-SiC structures [25,27]. The MWCNT interface is effective in
reducing the series resistance.

One of the alternative methods used to derive the barrier height is
the Richardson plot [33]. The Richardson plot is presented in Fig. 9 for
our produced SBD. The equation that gives this plot is

I R
1n(T—°) —In(AA") — 450

2 KT a0

In(I, /T?) vs 1000/T graph obtained from the equation is foreseen to
be linear. While the slope of the graph gives the barrier height at 300 K,
the obtained value is likewise the activation energy of the diode.
Richardson’s constant (A") is found from the intersection of the graph
with the slope line. A" and @y, calculated from the MWCNT/n-6H-SiC
diode are 5.84 x 10°® Acm™2K 2 and 0.21 eV, respectively. The dif-
ference of A" calculated from the temperature-dependent I-V properties
and the theoretical results can be linked with the spatial inhomogeneity
of the barrier height at the diode interface and regional potential fluc-
tuations. In the potential distribution of the diode, the current prefers to
flow through the lower barrier height [24,34]. During the conduction of
current, a situation may arise where the effective mass may be different

215
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Fig. 9. The Richardson plot for Au/MWCNT/n-6H-SiC/Au SBD.
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as the diode passes through different potential barrier heights. There-
fore, A" may differ from the theoretically obtained data due to the de-
viation in the calculated effective mass [35]. A" value found for
MWCNT/n-6H-SiC produced for this study has similar values and
shows compatibility with different studies [36,37].

The graph of n versus the experimental ®p, of MWCNT/n-6H-SiC
diode is shown in Fig. 10. A linear relationship is derived between the
effective barrier height and the ideality factor, which indicates that the
barrier is not homogeneous. Homogeneous barrier heights are deter-
mined from the point where the barrier height intersects the axis for a
value of n = 1. The effective barrier height (®.) of the produced
MWCNT/n-6H-SiC SBD between temperatures of 300-480 K is derived
as 1.11 eV. The results found show that the current conduction mech-
anism deviates from the TE model. The reason for this deviation can be
expressed by the inhomogeneity of the barrier heights of the diode.

The capacitance-voltage properties of MWCNT/n-6H-SiC SBD in the
forward and reverse bias current at 300 K are presented in Fig. 11. The
measured diode capacitance at frequencies of 5, 10, 50, 100, 500, and
1000 kHz decreases as the frequency values increase. The capacitance
increase at low-frequency values can be associated with the interface
states. The interface states at low frequencies follow the alternating
current signal. Thus, the depletion capacitance and the interface state
capacitance appear directly in parallel, which further increases the total
capacitance [38]. Since the frequency increases, the interface states
cannot act relative to the alternating current and the interface states take
fixed values. The charges of the interface state that don’t make contri-
butions to the diode capacitance cause the capacitance to take low
values [39].

The C-V properties of the capacitance, which can be computed from
the reverse bias current, measured at 1 MHz frequency in the 300-480 K
temperature range are shown in Fig. 12. The depletion layer capacitance
in Schottky diodes is defined as follows [28].

1 2ot Ve) an
C qESA Nd

A term in this equation is the contact area. The permittivity of the n-
6H-SiC semiconductor crystal is & and &, = 9.6 gy (The permittivity of
free space is g;). The donor or free carrier concentration is Ngq. The
reverse voltage is Vx and the cutting voltage is V. Diffusion potential
(Vq) is calculated by using V, determined by extending C 2.V curves to
the potential axis. In the absence of interface states, thereisa Vo = V4 —
kT/q relationship between cutting voltage V, and diffusion voltage V.
The values of V4 and Ny are found as 1.13 V and 2.13 x 10™'° ecm ™3,
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Fig. 10. The barrier height vs the ideality factor at zero bias for Au/MWCNT/n-
6H-SiC/Au SBD between the temperatures of 300-480 K.
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Fig. 12. C™2.V plots at reverse bias for Au/MWCNT/n-6H-SiC/Au SBD between
the temperatures of 300-480 K.

respectively, in the zero bias condition at 300 K.
The equation from which the barrier height is obtained

@y (C— V)=V + V,. 12)

In this equation, V, is the potential difference between the Fermi
level and the minimum of the conduction band, which can be obtained
by knowing the Ny donor concentration. V, is given as
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kT, (N
V,=—In( =], 13
q (Nd>

in which the active state density in the conduction band is N, and its
value at 300 K for the n-6H-SiC semiconductor is 8.98 x 10"'° em™3 [40,
41]. The experimental parameters found using the C-V data of the
MWCNT/n-6H-SiC SBD are presented in Table 3.

According to Table 3, ®, values measured from I[-V increase
depending on temperature, while @, values obtained from C-V mea-
surement decrease with temperature. The values measured from I-V are
more correlated with currents passing through lower barrier height.
Therefore, the current measured is the current flowing through obstacles
with low barrier height. In other words, depending on the temperature
increase, more electrons with sufficient thermal energy will make the
diode more easily overcome higher barrier heights. Because electrons
with higher energy are more likely to cross the barrier. I-V measure-
ments are affected by potential fluctuations at the interface. Because the
current flowing through the interface in [-V measurement is exponen-
tially dependent on the potential distribution of the barrier height in the
interface [39]. On the other hand, capacitance measurements are
insensitive to potential fluctuations at a smaller length scale in the space
charge region. The barrier heights measured from C-V are related to the
charge distributions in the depletion region of the diode. @y, is related to
the capacitance measured over the entire diode area. The reason for the
difference between the values of ®y, in both I-V and C-V estimations
may take place as a result of the inhomogeneity of the interface layer
used in the device production, the inhomogeneity in the interfacial
layer’s thickness, and the uneven distribution of the carrier charges due
to the defects at the interface. The @y values determined from C-V for
MWCNT/n-6H-SiC SBD decrease as the temperature increases in the
range of 300-480 K. The reason for behavior obtained from C-V can be
associated with the decrease in the forbidden energy band gap of the SiC
with increasing temperature and the number of carrier electrons in the
space charge region [42,43].

Apart from the current conduction mechanisms, the interfacial
layer’s thickness and the interface state density affect the electrical
parameters of the semiconductors in Schottky diodes. The interface state
density has an important role in obtaining both the ideality factor and
the barrier height. When the interfacial layer of the diode becomes
thicker, the probability of conducting current decreases. Therefore, the
®. varies relying on the voltage applied to the diode. The effective
barrier height is expressed by Ref. [44]:

D, =Dy, + BV, 14

in which f is the voltage coefficient of the barrier height. This parameter
is that consists of the impact of each interface state in equilibrium with
the semiconductor. If p = 1 — (1 /n(V)) is written in Eq. (14), ®@. is given
as

Table 3

Electrical parameters calculated from reverse-biased C~2-V plot for Au/MWCNT/n-6H-SiC/Au SBD between the temperatures of 300-480 K.
T (K) Vo (V) Vqa (eV) Vi (eV) Ng (em™3) Wy (eV) Dy (eV) Dy (eV)

c-v -V

300 1.10 1.13 0.275 2.13 x 1071° 7.48 x 107° 1.38 0.76
320 1.07 1.10 0.296 213 x 1071° 7.39 x 107° 1.37 0.81
340 0.92 0.95 0.321 1.86 x 1071° 7.35 x 107° 1.24 0.85
360 0.88 0.91 0.343 1.86 x 1071° 7.20 x 107° 1.22 0.88
380 0.75 0.78 0.365 1.86 x 1071° 6.68 x 107° 1.12 0.92
400 0.72 0.74 0.386 1.86 x 1071° 6.55 x 107° 1.11 0.96
420 0.68 0.72 0.408 1.86 x 1071° 6.39 x 107° 1.09 1.00
440 0.63 0.67 0.431 1.86 x 1071° 6.16 x 10°° 1.06 1.03
460 0.54 0.58 0.453 1.86 x 1071° 5.74 x 107° 0.99 1.07
480 0.42 0.46 0.470 2.13 x 1071° 4.89 x 107° 0.89 1.10
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The ideality factor expression n(V), which changes depending on the
applied voltage, is defined by Card and Rhoderick as follows [27].

mv):1+§(;a+qmgv0. (16)

By subtracting the Ny, term from Eq. (16), the following equation is
obtained

8S

_5 ] 17
Wd] i an

where the interface state density is Ny, the dielectric constants of the

interface and the semiconductor are g and g, the thickness of an

interfacial layer is 8, and the width of the consumption layer is Wq. The

width of the consumption layer for each measured temperature is

W, = 2¢(Vo + VR). (18)
aNy

E; is the energy of the interface states for the n-type semiconductor
and E. is the conduction band boundary energy of the semiconductor
surface. The difference between the surface of the semiconductor and
the boundary of the conduction band is given below

E. —Ey = q(®. — V). (19)

With the help of Eq. (16) together with Eq. (15) and Eq. (19), the
interfacial state concentration distribution of the produced diode is
calculated. In Fig. 13, the graph of versus Ny is presented in the
300-480 K temperature range. The interface state density is between
1.57 x 107 and 7.18 x 10™'% ev~'em ™2 at 300 K and between 9.26 x
10712 and 6.27 x 10713 ev—lem ™2 at 480 K. As expected, these values
indicate that N decreases as the temperature increases. The fact that N
decreases with increasing temperature means that the ideality factor
decreases as a function of temperature because of the inhomogeneity in
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Fig. 13. Ng vs E.-Eg plots of Au/MWCNT/n-6H-SiC/Au SBD between the
temperatures of 300-480 K.
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barrier height at the interface of metal and semiconductor. In Schottky
diodes, the material used in the interface layer, the series resistance
effect, and the interface states are important in terms of barrier height.
The lowering of N with the effect of temperature can be explained by
the reordering and restructuring of the interface with the effect of
temperature [45].

Forming contacts between SiC and CNTs with high electrical con-
ductivity and examining the interface properties of this contact structure
may have important effects on the operation and performance of elec-
tronic devices. Although there have been few studies showing that
charge transfer is possible between SiC and CNTs, the development of
different production methods other than the methods used allows a
better understanding of the electronic properties of MWCNT/SiC de-
vices. While the contacts formed with SiC and metals show rectifying
behavior, the interface layer between SiC and metal affects the electrical
properties of the diode. The materials used in the interface layer play a
role in controlling the barrier height and changing the series resistance.
MWCNTs are an alternative material to provide these electrical prop-
erties. The MWCNT/n-6H-SiC structure shows a distinctly rectifying
behavior. It is observed that the current from MWCNTSs to SiC increases
linearly with the applied voltage, while a small amount of current goes
from SiC to MWCNTs in reverse bias. This indicates that the MWCNT/n-
6H-SiC structure forms the Schottky barrier. Considering the conduc-
tivity properties of both SiC and MWCNTSs, the transfer of electrons from
SiC to MWCNTs and from MWCNTs to metal is expected to be faster at
the interface. However, barrier heights are slightly higher than other
studies with Au/n-6H-SiC contact reported in the literature [25,27]. The
large barrier height may be due to the atomic bond formation between
SiC and MWCNTs. The carbon atoms in MWCNT form covalent bonds
with the Si and C atoms in the SiC semiconductor. These bonds allow
electron transfer between MWCNTSs and SiC to occur. Also, it is seen that
MWCNTs have an effect on the decrease in the series resistance values
calculated from the Norde and Cheung-Cheung methods (Table 1 and
Table 2). The series resistance values were significantly decreased
compared to the previously reported Au/n-SiC structures [25,27]. On
the other hand, there are a few studies in which CNT/SiC structure was
formed and Schottky barrier formation was observed. Maruyama et al.
[9] measured the Schottky barrier formed at the CNT/n-6H-SiC interface
using PES and reported the potential barrier height at room temperature
as 1.38 eV. Again, Inaba et al. [12] produced the Ti/CNT/SiC structure
using the FIB (Focused Ion Beam) technique and determined that the
barrier heights from the contact resistance were 0.40-0.45 eV by
limiting the conduction area. In both studies, a dual barrier height for-
mation is detected at the CNT/SiC interface and this situation is dis-
cussed. In our study, unlike these studies, a single barrier height
formation was observed and the potential barrier height was determined
as 0.76 eV at room temperature. In our opinion, the difference between
potential barriers may depend on the type of CNTs used, the method of
forming the CNTs at the interface, and the atomic bond structure be-
tween the CNTs and SiC. However, it is observed that the barrier heights
are lower than many metal/n-6H-SiC structures [46,47]. This allows
CNT/SiC structures produced by different methods to be used in
different electronic device applications.

4. Conclusion

In summary, the electrical features of the produced MWCNT/n-6H-
SiC Schottky barrier diode in the 300-480 K temperature range are
investigated with I-V and C-V measurements as a function of temper-
ature. In the surface characterization of MWCNTs coated on n-6H-SiC
semiconductor by drop drying method, it is observed that MWCNTs are
coated as random and entangled tubes on the semiconductor and the
density in the D line is higher than that in the G line. It is determined that
the ideality factor of the produced diode and the barrier heights in the
zero bias state are strongly related to the temperature. Moreover, it has
been determined that the series resistance values estimated by the
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Cheung-Cheung and Norde methods are dependent on the temperature
and Rg values are lower than the diodes without CNT. The decrease in Rg
value with the increase in temperature is associated with the decrease in
the free charge carrier concentration at the interface. The Richardson’s
constant of the Schottky diode and the average barrier height are
calculated using the Richardson plot, which is an alternative approach
used to obtain the barrier height. The results obtained show that the
current conduction mechanism deviates from the TE model and the
reason for this deviation can be ascribed to the inhomogeneous barrier
heights of the diode. The capacitance-voltage estimations of the
MWCNT/n-6H-SiC SBD in the forward and reverse bias current are
measured depending on the frequency, and it is observed that the
capacitance of the diode increased with decreasing frequency. There is a
slight difference between the barrier height values in I-V and C-V
measurements. This difference may come about as a result of the in-
homogeneity of the interface layer and the uneven distribution of the
carrier charges due to the defects at the interface. The temperature-
dependent energy distribution of the interface state density (N) is
specified according to the forward bias state of the I-V measurements,
taking into account the ideality factor and the bias dependence of the
effective barrier height. Ni tends to decrease with increasing
temperature.
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