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ABSTRACT: The subject of this study is the use of Indigo Carmine (IC) material in Schottky diode
application. The p-Si crystal was chosen as the base material for diode fabrication. One surface of the
p-Si metal was coated with Al metal by thermal evaporation method. Indigo carmine interface material
was coated on the other surface of p-Si by spin coating method. Finally, Cr metal was coated on this
material with DC sputtering method. So we obtained refence Cr/p-Si/Al diode and Cr/IC/p-Si/Al
heterojunctions diode. When the current-voltage (I-V) measurements of these diodes at room
temperature were examined, it was determined that the Indigo Carmine material improved the diode
parameters. It was determined from the |-V measurements of the Cr/IC/p-Si/Al diode for different
temperatures that the ideality factor (n) decreased and the barrier height (&) value increased with the
increasing temperature. These changes with temperature have been attributed to the inhomogeneous
distribution in the potential barrier. In addition, the change of diode parameters with temperature
showed that the diode has a double Gaussian distribution.
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INTRODUCTION

Metal-semiconductor (MS) contacts take place in many areas in the developing electronics
industry. Schottky diodes obtained from MS contacts in the electronics industry are used in many areas
such as solar cells, microwave mixer detectors, varactors (capacitors whose capacities change with the
applied voltage), fast switch applications (Balasubramani et al., 2020).

Schottky barrier height is the most important parameter for Schottky diodes. For this reason,
many studies are carried out to increase the potential barrier. There are many studies in the literature
on coating with various types of interface layers between metal and semiconductors (Reddy et al.,
2020).

The use of polymers as metals and semiconductors accelerates the studies on this subject day by
day. Conductive polymers are easy to prepare, easy to shape, cost effective, flexible materials. It is
used in many fields due to its electrical, mechanical and physical properties. For example; Schottky
diodes, fast switch applications, sensors, FETs, MESFETS, microwave circuit elements, solar cells,
plastic batteries, varactors, electroluminescence devices (Giizel and Colak, 2021).

Conjugated polymers are important for the production of solid state circuit elements. The fact
that conjugated polymers have different groups in the molecular structure indicates that these polymers
will cease to be an insulating material by chemical and electrochemical methods and gain metallic
properties (Lim et al., 2016). In Schottky contacts made using conductive polymers, the barrier height
increases while the ideality factor decreases as the temperature increases. This behavior indicates that
the barrier heights at the interface have a Gaussian distribution, which means that there is no
homogeneous distribution at the interface (Altan et al., 2020).

In this study, Indigo Carmine (IC) material was used as the interface material. This material is an
organic salt soluble in water. IC is used as a colorant in foods, cosmetics and clothing. It is also used in
medical applications. The IC material is produced by natural indigo sulfonation or fusion of N-
phenylglycine in a mixture of sodamide and sodium and potassium hydroxide under ammonia pressure
(Guaraldo et al., 2011; Kekes et al., 2020). IC molecules act as good electron acceptors. Due to its
good electron acceptance properties, electron transfer processes take place under both intramolecular
and intermolecular conditions. This material consists of donor-acceptor-donor electron groups, which
provides remarkable electrical and optical properties (Pramodini and Poornesh, 2014).

Electrical measurements taken on Schottky diodes at different temperatures give a lot of
information about diode parameters. Therefore, I-V measurements were taken at different temperature
values for better understand the current transmission mechanism of the diode.

MATERIAL AND METHODS

Analyzing of The indigo Carmine Material

The Indigo Carmine material was obtained from Sigma Aldrich Company. The molecular
formula of this material is C16HsN2Na>OsS> and its molecular weight is 466.35 g/mol. Fig. 1 shows the
structural shape of indigo carmine material. The SEM image of IC is given in Fig. 2. The width of
indigo carmine particles obtained from SEM images is around 5 + 0.5 nm. As can be seen from the
figure, these particles have a fine-sized dispersed structure and show a homogeneous distribution.
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Fabrication of The Diode

Chemical cleaning procedures RCAL1 and RCA2 were applied to purify the p-Si crystal from
surface impurities (Caldiran, 2019). After the cleaning procedure, the matte side of the p-Si crystal was
coated with Al metal using the thermal evaporation method. This sample was annealed at 580 °C for 3
minutes in N2 atmosphere. Thus, Al/p-Si ohmic contacts were obtained. After the other surface of the
p-Si crystal was coated with 10 nm thick IC material by spin coating method. Lastly, the Cr metal was
coated on the indigo carmine material using the DC sputtering method. So, the reference Cr/p-Si/Al
and Cr/IC/p-Si/Al diodes were obtained. The Fig. 3 shows the structural of Cr/IC/p-Si/Al diode.

o fe| o

Indigo Carmine

p-Si
Al

Figure 3. Schematic diagram of Cr/IC/p-Si/Al heterojunction
RESULTS AND DISCUSSION

The release of carriers from a hot surface due to their thermal energy is defined as thermionic
emission. Electron transport through a potential barrier in Schottky contacts is explained by this
theory.

According to the Thermionic Emission (TE) theory of a Schottky diode, the current in the case of
forward bias is given by the following equation (1).

|4
=1, [exp (:W) — 1] Q)
In this expression, if eV >> nkT, "1" in the second term can be omitted. Thus, we obtain
equation (2) by arranging equation (1).

=1, [exp (%)] (2)
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If we take the natural logarithm of both sides of the expression (2) and then derive its
derivative with respect to V, we get equation (3).

e av
= kT d(inn 3)

The n expression obtained from equation (3) represents the ideality factor. The n is very
important in determining the diode characteristic and has no unit. For a diode to be ideal, n = 1 must
be. As the n value takes values greater than 1, the diode starts to move away from the ideal (Tung,
1991).

The greater value of the n may be due to the potential drop in the interfacial layer, the presence
of overcurrent and recombination current through the interfacial states between the
semiconductor/insulator layers (Reddy, 2014).

When we plot the Inl versus V from the I-V measurements of the diodes, a line is obtained if a fit
is drawn towards the linear region in the line of supply. The dVv/d(Inl) term is obtained from the slope
of this line. The point where the line obtained from the drawn fit intersects the vertical axis at V=0
gives the saturation current density of Io.

lo = AA'T?exp (—222) (4)
In equation (4), if we take the natural logarithm of the terms and remove e®y, from the equation,
we reach the equation that gives the @y. This expression is calculated by equation (5).
e®, = kT In(AA*T?/I,) (5)
In the expression (5), A is the effective area of the diode (A=0.00785 cm?) A* is the Richardson
constant, and this value is 32 A K2 cm™ for p-Si (Rhoderich and Williams, 1988).
The 1-V measurements of Cr/p-Si/Al and Cr/IC/p-Si/Al diodes were taken at room temperature.
The Fig.4 shows I-V graphs of these diodes. Also, the n and @&y, values calculated and they are given in

Table 1.
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Figured. The I-V graphs of Cr/p-Si/Al and Cr/IC/p-Si/Al diodes
Table 1. The n and &y, values of Cr/p-Si/Al and Cr/IC/p-Si/Al diodes

n ®Dy(eV)
Cr/p-Si/Al 1.71 0.57
Cr/IC/p-Si/Al 1.23 0.73
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As can be seen from the calculated values of basic diode parameters, Indigo Carmine material
made improvements in the electrical properties of the diode and contributed to the electrical
conductivity of the diode. If it is considered that n value is 1 in ideal diodes, the n has decreased from
1.71 to 1.23. In addition, the &y, value in diodes has increased from 0.57 eV to 0.73 eV as desired. This
indicates that the IC material is an electrically conductive material. IC material is frequently used in
device construction due to its electrical conductivity, good film forming property and high thermal
stability (Manthrammel et al., 2019).

The temperature dependent I-V graphs of the Cr/IC/p-Si/Al diode is given in Fig. 4. In addition,
Table 2 contains the n and @, values of diode for temperature values between 120 K and 320 K
(AT=20 K).

AT=20K

Current (Ampere)

CrICIp-SilAl

1E-012

-1 08 -06 -04 -02 0 02 04 06 08 1
Voltage (V)
Figure 4.The I-V graphs of the Cr/IC/p-Si/Al diodes depending on temperature

Table 2. The n and &y values of Cr/IC/p-Si/Al diode

Temperature (K) n Dp(eV)
120 2.08 0.27
140 1.97 0.30
160 1.85 0.37
180 1.76 0.43
200 1.67 0.52
220 1.52 0.56
240 1.44 0.61
260 1.36 0.66
280 1.29 0.69
300 1.23 0.73
320 1.21 0.75

The n-T and @&y -T graphs of the Cr/IC/p-Si/Al diode are given in Figure 5. When this graph is
examined, as the temperature value increases, the n value decreases while the @&y, value increases. It
can also be observed in this graph that the I-V characteristic of the diode is strongly temperature
dependent. Due to the inhomogeneous nature of the potential barrier at the MS interface, electrons pass
through a low barrier at low temperatures, while at high temperatures they have the energy to cross a
higher barrier. Thus, deviations from linearity occur in the 1-V characteristic of the diode and the value
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of the n increases (Afandiyeva et al., 2013). Also, the increase and decrease in the value of the n and
&y with the temperature change can be explained by the increase in inhomogeneity due to physical
conditions such as surface defects, high density of interfacial state and non-homogenous doping
concentration (Tung, 1992).

22 — — 2.2
-w . 4
2= Ny -
- ~ ~ -
AT=20K
18 — v\ \v 0 — 1.8
L v 4
16 [— AN — 16
— L A4 4 <
S v —{14 ?'5
j—- 8 .
o V- _ e
s T v 1
$ 12 V-vi22
- L Cr/IC/p-Si/Al 17z
b W — V- -V Ideality factor values 5
g 1= W — ¥ - -V Barrier height values —1 E
'E r 1 5]
0.8 — — 0.8 Q
vy -V
- /v _ ! -
06 |— _ v — 06
’/ /v
04 — b & - v — 0.4
B 2 v .
0.2 — — 0.2
Lo L by by by by by by by by

120 140 160 180 200 220 240 260 280 300 320
T (K)
Figure 5. The n-T and &y -T graphs of the Cr/IC/p-Si/Al diode

It is very important to calculate the series resistance Rs value of the diode in order to better
analyze the deviations from linearity in the I-V characteristics of the diodes. The high Rs values
adversely affect the electrical properties of diodes (Reddy et al., 2020). Cheung functions are the one
of the most important ways to calculate the Rs value in diodes. Using the Cheung functions, we can
also determine n and @y values. Cheung functions are given by the following equations; (Werner and
Gitter, 1991)

V-IRg
I jV I, exiT[—q(nkT ) (6)
n
aanD - g T IRs (7)
—y _ (TkT !
HD) =V ( q ) In (AA*T2> (8)
H(I) = nd, + IR, 9)

The dV/dInl — I and H(I) — I graphics of Cr/IC/p-Si/Al diode is given respectively Fig. 6 and Fig.
7. The Rs and n values of the diode were calculated using Equation (6-7), the @&y and Rs values of the
diode were calculated from equation (8-9). The n, @, and Rs values of diode are given in Table 3.
According to this table, the @&y values calculated from Cheung and TE models are close to each other.
In Fig. 8, comparison of the n values calculated by Cheung and TE method depending on the
temperature is given. According to this figure the value of n calculated from the Cheung method is
greater than the value calculated by the TE method. This difference between values is attributed to the
series resistance effect, interface states, and voltage drop across the interface layer (Hamdaoui et al.,
2014).
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Figure 6. The dV/dInl — I graphs of Cr/IC/p-Si/Al diode Figure 7. The H(l) — I graphs of Cr/IC/p-Si/Al diode

Table 3. Basic diode parameters obtained using Cheung functions for Cr/IC/p-Si/Al diode

Temperature (K) dv/din(l) H(1)-1
n Rs(ﬂ) ¢b(EV) Rs(Q)
120 4.57 5011 0.11 4565
140 4.21 4659 0.14 4016
160 3.65 4258 0.17 3755
180 3.27 3884 0.22 3304
200 2.98 3291 0.27 2999
220 2.56 2958 0.39 2690
240 2.27 2614 0.46 2388
260 2.02 2257 0.51 2001
280 1.89 2027 0.57 1846
300 1.71 1908 0.64 1733
320 1.57 1645 0.68 1385
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Figure 8 The comparison of n values calculated from Cheung and TE methods for Cr/IC/p-Si/Al diode

The Fig. 9 shows the temperature change graphs of the series resistance values of the Cr/IC/p-
Si/Al diode. The Rs values calculated using the dv/d(Inl) - I and H(l) -1 curves of the diode are
compatible with each other. As the temperature values increase, Rs values decrease. The reason for this
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Is that as the temperature increases, the number of free carrier increases with the effect of ionization
and therefore more current passes through the diode (Chand and Kumar, 1996).
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Figure 9. The Rs — T graphs of Cr/IC/p-Si/Al diode (Cheung Functions)

The standard deviation and the oi has small value at high homogeneous barrier height gives
important informations about the homogeneity of the potantial barrier of diode. The i value
determines the size of the inhomogeneity in the barrier. For calculate the oi and the average barrier
height @, values , we use the equation (10), which is the single Gaussian equation, is used.

2

Pp = Pp1 — Z,% (10)

According to equation (10), the slope of the @y, - 1/T plot gives the oi standard deviation of the
distribution and the point intersecting the y-axis gives the @, value at V = 0. The o; of a distribution
determines the size of the distribution and indicates the effect and magnitude of potential barrier
inhomogeneities in contact. The small o;i and the @, value in a distribution means that the
inhomogeneities present in the distribution are sufficiently small. The fact that oi has large values
indicates that these anomalies in the contact structure are large and effective (Metin et al., 2014). One
of the y-axes in Fig. 10 shows the graphs of the @y - 1/T. Fig. 10 shows that instead of a single
intersecting linear line at 177 K, there are two linear lines at the MS interface, indicating the presence
of two different barrier heights region. Therefore, the barrier at the MS interface shows a double
Gaussian distribution (Bestas et al., 2014). In order to calculate the voltage coefficients of the n
values, the voltage coefficient of each distribution region is obtained using equation (11), which is the
single Gaussian equation.
(E-1)=-p+2 (11)

The [(1/n) -1] - 1/T plot gives the voltage coefficient p3 and p2 of the distribution. Small voltage
coefficients of ps and p2 indicate that Schottky barrier inhomogeneities are small and if these
coefficients are large, barrier inhomogeneities will be large (Ejderha et al., 2009). By applying the
linear fit of the @, values of the diode to two different distribution regions, the @, and ;i values were
calculated. These values are given in Table 4. Also, the other y-axis of Fig. 10 shows the inverse of
the n versus g /2kT. The n values have smaller values at high temperatures, while it is observed that the
opposite of the n decreases more slowly at low temperatures due to the fact that the increase in the
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values of the n is close to each other. Therefore, acording to graph the values of the n show a double
Gaussian distribution. The voltage coefficients from the plot of (1/n) -1 against 1/2kT are calculated
and they are given in Table 4. The calculated oi values show that there is a large inhomogeneity in the
diode interface. The inhomogeneous distribution at barrier height significantly affects the I-V
characteristic of the diode (Bobby et al., 2013).
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Figure 10. The [(1/n) -1] — 1/2KT and @&y, — 1/2KT graphs of Cr/IC/p-Si/Al diode
Table 4. The @,, oi and voltage coefficients values of Cr/IC/p-Si/Al diode

T (K) D, (eV) Oi P2 P3
120K -177 K 0.73 -0.009 -0.005 0.26
177 K-320 K 1.14 -0.02 -0.02 0.21

The effective Richardson constant A* of the semiconductor surface is an important parameter in
calculating the Schottky barrier height in MS contacts. Therefore, the calculation of the A® constant is
very important. Modified Richardson equation that can explain single distributions and is well known
in the literature;

2.2 =
in(32) - (52) = inaa) - 52 (12)

The In(lo/T?) - 1/T modified Richardson graph of Cr/IC/p-Si/Al diode is given in Fig. 11. The
point intersecting the y-axis of the linear fit plotted on the modified Richardson graph gives the
modified Richardson constant. The value of A* calculated by using the slope of the line was
determined as A* = 7.81 A K2cm2. These experimentally obtained values are much less than 32 A K-
2cm2 for the theoretically calculated p-Si. This is due to the inhomogeneous nature of the potential
barrier. Due to the formation of oxide layers of different thickness between the metal and
semiconductor, high and low barrier patches occur at the interface. Due to these potential fluctuations
at the contact interface, the diode current prefers low barriers in potential distribution (Sharma and
Periasamy, 2014).
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Figure 11. Modified Richardson plot of Cr/IC/p-Si/Al diode

New methods have been developed to determine physical (electronic) parameters such as Rs, n and &y
in MS contacts. One of these is the F (V) function, which is defined by Norde for the Rs and &y for n
=1 (Norde, 1979). This function is given by the following equation.

F(V)=%- ("—T) In ( 1) ) (13)

2 AA*T?
The 1(V) expression in equation (13) is the current value obtained from the I-V graph of the diode, and
vy is a random integer greater than the n value. First, the graph of F versus V is plotted. From this graph,
the minimum value of F(V) against V is determined. With the help of this equation, the &, value is

calculated by equation (14).

1% kT
@), = F(Vo) +-7 = o (14)

The value of F(Vo) in this equation is the minimum value of F(V) and V, is the minimum value
corresponding to this value. Rs values are calculated by equation (15) (Zhang et al., 2013).

kT(Y—
Ry = =0 (15)

The Fig. 12 shows the F(V) — V graphs of Cr/IC/p-Si/Al diode. Table 5 contains the @y and Rs values
of diode which are calculated with Norde functions.
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Figure 12. The F(V) — V plots of Cr/IC/p-Si/Al diode
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Table 5. The @&y and Rs values of Cr/IC/p-Si/Al diode (Norde functions)

Temperature (K) Dy(eV) Rs(k2)
120 0.21 2006
140 0.26 1703
160 0.30 1458
180 0.38 1137
200 0.41 909
220 0.46 745
240 0.53 434
260 0.57 256
280 0.62 111
300 0.68 56.3
320 0.73 11.2
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Figure 13. The Rs—T graph of Cr/IC/p-Si/Al diode (Norde Functions)

The values of @&y, calculated using the Norde functions are almost the same as the values
calculated from the TE and Cheung methods. It also shows a harmonious change in temperature. Fig.
13 shows the temperature-dependent change graph of the Rs values calculated from the Norde
functions for Cr/IC/p-Si/Al diode. According to this graph, the Rs values decreases with increasing
temperature. The reason for this change is that the free carrier concentration increases as the
temperature increases (Saglam et al., 2013; Deniz et al., 2014).

CONCLUSIONS

In this study, room temperature 1-V measurements of Cr/p-Si/Al and Cr/IC/p-Si/Al diodes which
are fabricated under the same conditions were analyzed and it was determined that the Indigo Carmine
material caused an improvement in the basic diode parameters of the diode. This is due to the fact that
the Indigo Carmine material is an electrically conductive material. From the temperature-dependent
measurements of the Cr/IC/p-Si/Al diode, it was determined that the n value and the Rs value
decreased with increasing temperature, while the @&, value increased. The effective Richardson
constant of the diode was determined as A* = 7.81 A K2cm™ . These experimentally obtained values
are much less than 32 A/K?cm? for p-Si calculated theoretically. This is due to the inhomogeneous
nature of the potential barrier. In addition, it has been determined that the potential barrier at the
contact interface has a double Gaussian distribution.
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