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Abstract:

In recent days, carbon based nanomaterials are being used in diverse research fields due to its
excellent properties such as high aspect ratio, high surface area, excellent thermal and electrical
conductivity. In this work, Multi walled carbon nanotubes (MWCNT) has been chosen among the
group of carbon based nanomaterials. Present work studies one of the applications of MWCNT in the
field of organic electronics. It is well known that organic dye based devices have certain advantages
compared to its inorganic counterparts. But there are some disadvantages of organic dyes, when these
organic dyes are sandwiched in between two metallic electrodes, which form the metal — organic
contact. During the formation of metal — organic junction, charge injection process gets affected due
to high concentration of traps and high injection barrier at the contact area. Lowering of these
parameters will improve the charge flow at the junction resulting in better conductivity and lowering
of threshold voltage. In this perspective, MWCNT has been incorporated in the device. For preparing
organic dye based devices, two different organic dyes have been chosen namely Rose Bengal (RB)
dye and Safranin — T dye and four devices have been formed, out of which two devices are prepared
without MWCNT and other two are with MWCNT. This work will discuss the influence of trap
energy and injection barrier on the flow of charge carriers at the metal —organic contact and

subsequently observe the modification of both of these parameters in the presence of MWCNT.
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1. Introduction:

In the past few decades, the study on the physics and chemistry of nanostructures is getting significant
attention after the discovery of fullerenes, carbon nanotubes and graphenes. The atypical properties of
carbon nanostructures are due to the size effects, which can be seen in zero-dimensional carbon
quantum dots, one-dimensional carbon nanotubes, and two-dimensional grapheme layers [1-2]. These
nanoscale materials have certain properties such as higher strength, lighter weight, increased control
of light spectrum, and greater chemical reactivity than their larger-scale counterparts [3]. For carbon
nanotubes, the classification can be done on the basis of chirality and also on the basis of number of
graphene sheets. In terms of graphene sheets, the carbon nanotubes can be distinguished as single
walled carbon nanotubes (SWCNT), double walled carbon nanotubes (DWCNT) and multi walled
carbon nanotubes (MWCNT) [4].

In this present work, we have chosen MWCNT from the family of carbon based nanomaterials
(CBN). MWCNT has good electrical conductivity, a large aspect ratio, low mass density and excellent
thermal properties [5]. Our main objective of this work is to study one of the applications of MWCNT

in the field of organic electronics in terms of device physics.

Organic dye based devices have certain excellent attributes such as cost effectiveness, light weight,
flexibility and large area device fabrication [6-7]. Despite these attributes, when these organic dyes
are sandwiched between two metallic electrodes, the charge flow at the metal — organic contact gets
hindered. Poor charge injection process at the metal — organic contact can be caused by several
factors. Organic devices are predisposed to traps [8]. High trap energy is a significant factor which
hampers the flow of charges at the junction area. Injection barrier at the metal — organic contact
contributes to the lowering of active charge carrier flow in the device. To improve the device
performance in terms of lowering of the threshold voltage and enhanced conductivity, reduction of
both of these parameters is very much necessary. In this perspective, we have incorporated MWCNT
in the organic device, to observe and study its effect on both trap energy and injection barrier. We
have selected two organic dyes namely Rose Bengal (RB) dye and Safranin — T dye. As electrodes,
we have chosen Indium Tin Oxide (ITO) coated glass substrate and Aluminium (Al). A total of four
devices have been prepared with and without MWCNT. Current flow in the prepared devices has been
characterized by using the steady- state current voltage (I —V) plot and it has been analyzed by using
Richardson — Schottky (R-S) thermionic emission process [9]. Charge trapping process has also been
studied by using G (V) — V characteristics of the device. Image charge carriers are also considered in

calculating the injection barrier and subsequently the effect of MWCNT on the injection barrier



considering the image charge effect. The Norde method has also been used in this work to check the
congruity of the estimated value of injection barrier from I- V characteristics of these devices.

2. Experimental Details:

2.1 Materials

RB dye is an anionic dye of xanthenes organic compound [10]. Salt form of RB dye is 4, 5, 6, 7-
Tetrachloro-2’, 4', 5', 7'-tetraiodofluorescein disodium salt. Empirical formula of this RB dye is
CaH2Cl4lsNazOs [11]. Chemical Abstracts Service (CAS) number and molecular weight of this dye
are 632-69-9 and 1017.64 g/mol respectively [12]. Fig.1 (a) shows the structure of RB dye which is in

salt form. RB dye has been procured from Sigma- Aldrich.

Safranin - T dye is a cationic azine dye [13]. CAS number and molecular weight of this dye are 477-
73-6 and 350.84 g/mol respectively [14]. Empirical formula of this dye is C2H1sCIN4 [15]. Fig.1 (b)

shows the structure of Safranin - T dye. It has been bought from Sigma- Aldrich.

Multi-walled Carbon Nanotube (MWCNT) belongs to the class of carbonaceous materials with
excellent physiochemical, thermo-mechanical and electrochemical properties [16]. MWCNT is of 10
um length and 12 nm of outer diameter. The surface area of MWCNT is 220 m? /g. The carbon
content of MWCNT is more than 98%. CAS number of MWCNT is 308068-56-6 [17]. Fig.1 (c)
shows the structure of MWCNT. It has been also bought from Sigma- Aldrich.
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Fig. 1 Schematic Structure of (a) Rose Bengal (RB) Dye, (b) Safranin —T dye and (c) Multi — Walled
Carbon Nanotube (MWCNT)

ITO coated glass slide is used as front electrode and Aluminium (Al) is used as back electrode for
preparing the organic device. ITO coated glass and Al have also been purchased from Sigma Aldrich.
Poly vinyl alcohol (PVA) has been used in this work, as it is an excellent transparent inert binder.
PVA was obtained from S. D. Fine Chem. Ltd., Boisar, India.

2.2 Sample Preparation

Preparation of PVA solution is mentioned in one of our previously published works [18]. RB dye
solution is formed by adding 2 mg of RB dye with the prepared PVA solution. After that this RB dye
solution is kept in two beakers. In one beaker, there is only RB dye solution and in another, 2 mg of
MWCNT is prepended to form the solution with MWCNT and this solution is stirred for one hour.

After that, RB dye solution without MWCNT is spin coated at 2000 rpm speed and dried at 3500 rpm
speed on a pre cleaned ITO coated glass substrate. Similarly, the same solution is deposited on Al.
Then, both ITO coated glass and Al are sandwiched together in the semi — dry state to form the RB
device without MWCNT. Similarly, the RB solution with MWCNT is also spin coated to prepare the
RB device consisting of MWCNT. The prepared devices are kept in vacuum desiccators for 48 hours

to dry before electrical characterization.

Organic Device forming comprising of Safranin —T dye with and without MWCNT has been done by
using the similar processes, which are being done while making the RB dye based device in presence
and in absence of MWCNT. The Safranin —T dye based device with and without MWCNT are also
kept in vacuum desiccators for 48 hours to dry before electrical characterization. Fig. 2 expresses

schematic diagram of the prepared organic device.
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Fig. 2 Schematic diagram of the prepared organic device

3. Measurements:

To measure the steady-state current-voltage (I1-V) characteristics of the prepared four cells, a
Keithley 2400 Series source measure unit is used. ITO and Al electrodes are connected to the positive
and negative terminals of the battery, respectively. The applied voltage is varied from 0 V to 6 V in
steps of 0.25 V, with a delay of 1500 ms. The temperature is maintained at 27°C during the

experiment [19].

4. Results and Discussions:

The current through a metal-organic semiconductor interface due to Richardson-Schottky (R-S)

thermionic emission can be expressed as
_ vy
I=1Ip (exp () -1) )
Where I, is the saturation current, which is given by
= AA*T2 _9%b
lo = AA"T? exp (=) (2)

Here, g is the electron charge, V is the applied voltage, A is the area of the device, k is the
Boltzmann’s constant, T is the absolute temperature, A* is the effective Richardson constant of dye,

¢y, Is the interfacial barrier height obtained from the extrapolation of Io in the semi log forward bias I-

V characteristics and n is the ideality factor [20-22].

The interfacial barrier height at zero bias of metal- organic semiconductor device can be determined

from the equation (2)

AA*T?
Io

k
¢ = In(*1) ®



The ideality factor (n) is a measure of conformity of the device to pure thermionic emission and it is
determined from the slope of the straight line region of the forward bias In 1-V characteristics through

the relation which has been given in following equation (4)

q dv

M= KT d(nD )

Fig. 3 (a) and Fig. 3 (b) show the dark | — V characteristics of both RB dye and Safranin — T dye
based organic devices with and without MWCNT. With MWCNT, the current flow at the metal —
organic contact of RB dye and Safranin — T has been increased about 4 times and 3.5 times
respectively. Aspect ratio of MWCNT will have paramount effect on both electrical and mechanical
properties when it is incorporated in these organic devices. MWCNT acts as conductive fillers of traps

resulting in better flow of charge carriers in both of these organic devices.

20 1 [F=—J without MWCNT
—¢— with MWCNT

15 -+

Current {(pA)
o
1

T T T T
0 1 2 3 4 5 6
Voltage (V)

(@)



20 4 [ without MWCNT
—¢— with MWCNT

15 -

Current (pA)
S
1

T T T T T
0 1 2 3 4 5 6
Voltage (V)

(b)

Fig. 3 Dark Current — Voltage (I-V) Characteristics of the Organic Devices Comprising of (a)
RB dye and (b) Safranin —T dye with and without MWCNT

For estimating injection barrier of these organic devices, semi logarithmic | — V characteristics have
been plotted in Fig. 4. Fig. 4 (a) and Fig. 4 (b) show the semi logarithmic | — V plots of RB dye and
Safranin- T dye with and without MWCNT respectively. The value of saturation current (I,) can be
estimated from the semi logarithmic |1 — V plots and by putting the value of I, in equation (3), the
injection barriers of both RB and Safranin — T dye based devices in absence and in presence of
MWCNT can be estimated. From equation (3), it can be observed that, injection barrier is inversely
proportional to I,. With presence of MWCNT, I, increases significantly, which results in decrease in

injection barrier at the metal — organic junction.
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Fig. 4 Semi logarithmic Current — Voltage (In |1 - V) Characteristics of the Organic Devices
Comprising of (a) RB dye and (b) Safranin —T dye with and without MWCNT



The trap energy can be written as expressed in the following equation (5)

E.=mKkT ®)

Where, E;= trap energy, m = T¢/T, where, T denotes the effective temperature of trap distribution and
T denotes the room temperature in Kelvin scale, k is the Boltzmann’s constant [23] and m is
calculated from both the double logarithmic plot of | -V characteristics of the RB dye based devices
and Safranin — T dye based devices with and without MWCNT, which have been shown in Fig. 5. The
value of “m” decreases in presence of MWCNT, resulting in reduction of trap energy as the value of
KT remains constant for a particular temperature.
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Fig. 5 Double logarithmic Current — Voltage (In I- In V) Characteristics of the Organic Devices
Comprising of (a) RB dye and (b) Safranin —T dye with and without MWCNT

Estimation of injection barrier has been done by using Norde function which interrelate the function F

(V) and the current | (V). The expression has been shown in the equation (6) [24-25]

FV) = () -5 InGas) ©)

Where, X is the first integer greater than n, g = % and the current | (Vo) corresponding to minimum

Norde function value F (Vo), where Vo is the minimum voltage.

The minimum voltage Vo is expressed as shown in equation (7) [26]

1 I
Vo= E + In (AA’(‘)TZ) (7)

The minimum function value F (Vmin) is shown in equation (8)

_VO
F (Vimin) = 5 ) (8)
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For both the devices, injection barrier has been calculated by using the following equation (9) [27]. Vo
is estimated from the plot which is shown in Fig. 6 (a) and Fig. 6 (b) respectively for both RB dye and
Safranin — T dye based devices respectively without and with MWCNT.

1

_ Vo 1
$y= F (Vo) + 2 -5 ©)

The value of Vo decreases with the incorporation of MWCNT. As shown in equation (9), the injection
barrier is directly proportional to V. It can be inferred that due to the lowering of Vo in presence of
MWCNT, the injection barrier is lowered at the metal — organic junction for both the devices
comprising of RB dye and Safranin — T dye respectively.
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Fig. 6 Norde’s function F (V) -V plot of the Organic Devices Comprising of (a) RB dye and (b)
Safranin —T dye with and without MWCNT

Comparing equation (3) and equation (5), it can be said that injection barrier at the metal — organic

contact is directly proportional to the trap energy.

The charge trapping effect has also been analyzed by using a method which is proposed by Rizvi et al.

as shown in the following equation (10) [28]

_ dlog ()
GV)= dlog (V)

(10)
G (V) would show a peak due to filling up of traps. When large amount of traps are present, the

distortion in I-V characteristics is significant.

Fig. 7 () and Fig. 7 (b) show G (V) -V plot for both the devices comprising of RB dye and Safranin —
T dye respectively under the influence of MWCNT. With MWCNT, more sharp peaks exist in the
plot which indicates that the traps are filled and it will lower the injection barrier resulting in charge

injection improvement at the metal — organic contact.
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Fig. 7 G (V) -V plot of the Organic Devices Comprising of (a) RB dye and (b) Safranin —-T dye
with and without MWCNT



Charge — carrier injection from metal to organic layer is known to be restricted by a superposition of
an external electric field and the Coulomb field, binding the carrier with its image twin on the
electrode is given by the following expression in the equation (11) [29-30]

Ux) = dp — q —eFx (11)

16TeyeX

x = distance away from the metal insulator interface, located at x = 0, ¢y, = injection barrier
in the absence of both the external field and the image charge effect, F = external field, q =

charge of an electron, € = dielectric constant and €, = dielectric permittivity.

We have calculated the injection barrier of both the devices in absence and in presence of MWCNT.
The applied field is 10° V/cm and the value of the dielectric constant is 3 and the potential distribution

is located at 2 nm away from the interface.

The estimation of threshold voltage, trap energy and injection barrier of both the devices comprising
of RB dye and Safranin —T dye respectively in absence and in presence of MWCNT are shown in the
Table 1.

Table 1: Estimation of Threshold Voltage, Trap Energy, Injection Barrier for RB dye
and Safranin —T Dye Based Device without and with MWCNT

Organic Device | Threshold Trap Injection Injection Injection
Voltage Energy Barrier from Barrier Barrier
(V) (eV) Steady State | from Norde | considering
-V Function Image -
characteristics (eV) Charge
(eV) Effect
(eV)
RB Dye 4.00 0.087 0.920 0.893 0.754
RB Dye + 3.00 0.075 0.860 0.842 0.685
MWCNT
Safranin —T Dye 4.00 0.059 0.810 0.780 0.790
Safranin —T Dye 3.50 0.047 0.790 0. 755 0.760
+ MWCNT




Table 1 shows that, for RB dye, threshold voltage, trap energy and injection barrier estimated from

steady — state | — V characteristics have been reduced to 25%, 13.79% and 6.52 % respectively in
presence of MWCNT. For Safranin — T dye also, threshold voltage, trap energy and injection barrier
estimated from steady — state | — V characteristics have been reduced to 12.5%, 20.33% and 2.47%
respectively with MWCNT. Congruity of the values of injection barrier which are obtained from I — V
characteristics and by using Norde function is shown in the Table 1. Injection barrier considering
image charge effect has been lowered considerably in presence of MWCNT for both the organic
devices. High aspect ratio of MWCNT allows lowering of percolation threshold of electrical
conductivity resulting in improving of the device performance by reducing both trap energy and

injection barrier at metal — organic contact.

5. Conclusions:

In this present work, influence of MWCNT on the charge injection process at the metal — organic
contact has been studied. We have used two dyes, RB dye and Safranin — T dye respectively. We have
observed the parameters which affect the charge injection process mainly i.e. trap energy and
injection barrier, have been decreased significantly with MWCNT. Lowering of both of these
parameters will improve the charge flow at the junction area resulting in better conductivity and the
devices will be turned on at lower voltages. For both RB dye and Safranin — T dye, incorporation of
MWCNT provides more conductive pathways by reducing the trap concentration and injection barrier
at metal — organic contact. Reduction of trap energy in presence of MWCNT for both the devices can
be observed from G (V) — V characteristics. We have also used Norde function to estimate the
injection barrier of these devices and it has been found out that the value of injection barrier from I —
V plot and by using Norde method remain congruous to each other. Effects of image charges on the
injection barrier of the organic devices have also been studied and subsequently effects of MWCNT
on the injection barrier considering image charges have also been estimated in this work. This present
work will be informative to observe and study one of the applications of MWCNT regarding the

improvement of certain parameters that influence the charge flow at metal — organic contact.
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