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Nickel phthalocyanine (NiPc) film was deposited onto the surface of flexible conductive glass by rubbing-in technol-
ogy and used to fabricate devices based on ITO/NiPc/CNT/rubber structure. The /-V characteristics of the devices were
investigated under different uniaxial pressures of 200, 280, and 480 gf/cm?, applied perpendicular to the surface of the
NiPc film. Results showed that the nonlinearity coefficients of the /-V curves are in the range of 2 to 3, which was found
to be decreased with the increase of the pressure. The rectification ratio of the devices was estimated to be varied from
1.5 to 3 based on the applied pressure. Concluding, the resistance of the active layers was decreased with the increase of
both pressure and voltage. We believe that using the rubbing-in technology under sufficient applied pressure it is possible
to utilize NiPc for the development of various electronic devices such as diodes, nonlinear resistors, and sensors.

Keywords: pressure, electrical property, NiPc, thin film, rubbing-in technology

PACS: 47.80.Fg, 61.66.Hg, 42.81.Pa, 84.37.4q

1. Introduction

The emergence of organic semiconductors in electron-
ics has made great progresses in the development of vari-
ous important devices such as solar cells, diodes, transis-
tors, memories, spin valves and sensors.!!~7! This is because
organic semiconductors offer unique chemical and physical
properties including optoelectronic selectivity, molecular tun-
ability, light weight, and flexibility. Phthalocyanine (Pc) and
its derivates play a splendid role in the establishment of vi-
able electronic devices thanks to their ease of fabrication, sta-
bility, high carrier mobility, and compatibility with flexible
substrates. [®-1%1 Having sufficient information regarding the
electrical properties of organic materials is crucial before they
get involved in the device application. Nickel phthalocyanine
(NiPc) films have been successfully grown by dipping and
spray-layer-by-layer (LbL) and the effect of deposition tech-
niques on their electrochemical and morphological properties
were investigated.!!!] Tarrad er al. used thermal evaporation
technique to deposit NiPc on different substrates in order to
investigate their structural optical and sensing properties.!?]
[13]
15]

The use of NiPc was also found in hybrid supercapacitor,
volatile organic compounds (VOCs) sensor, [ solar cell,!
and field effect transistor.['% In order to widely explore the
limitation and capacity of NiPc for a possible application, it is
imperative to have a comprehensive understanding of its phys-
ical and chemical properties. A review of literature revealed
that the optical, structural, electrochemical, and morphologi-
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cal properties of NiPc have been addressed.!!!'?] However,
little attention has been paid on the electrical response of this
semiconductor.

We concluded that it is possible to establish elastic lay-
ered rubber—graphene composite for the multi-functional sen-
sors by rubbing-in technology.!!”! Also, flexible thermoelec-
tric cells have been fabricated by rubbing-in technology with
rubber—carbon nanotubes/graphene composites.''®! Thanks to
the rubbing-in approach, carbon nanotubes, graphene powder-
based multifunctional pressure, displacement, and gradient
temperature sensors were also fabricated.['”! In continuation
of our efforts for investigation of the properties of the de-
vices and materials for fabrication of the devices in this pa-
per we are presenting the results of the fabrication of flexi-
ble ITO/NiPc/CNT/Rubber cells by rubbing-in technology fol-
lowed by the effect of pressure on the electrical characteristics
of the system. The remainder of the paper is organized as fol-
lows: materials and methods are given in the second section,
while section three is devoted to analyses and discus the ob-
tained results followed by the main conclusions drawn in sec-
tion four.

2. Materials and methods

Figure 1 shows the molecular structure of nickel ph-
thalocyanine (NiPc) x-ray diffraction of the samples were
conducted with Philips PW1830 x-ray diffraction system in
Bragg—Brentano (6-20) scan mode using monochromatic Cu
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Ko radiation operated at 40 kV and 25 mA. The measurements
were taken at room temperature to reveal the structural infor-
mation of the materials. The x-ray diffraction of the samples
were conducted with Philips PW1830 x-ray diffraction sys-
tem in Bragg—Brentano (6—26) scan mode using monochro-
matic Cu K« radiation source with an accelerating voltage of
40 kV and tube current of 25 mA at room temperature to reveal
the structural information of the materials. The goniometer
scanned a 20 range between 15° and 80° with a step size of
0.05°. The x-ray diffraction results for each sample (rubber,
CNTs, and blue dye) were obtained three times to check the
repeatability. The x-ray diffraction patterns of rubber, CNTs
powders, and blue dye (nickel phthalocyanine) are presented
in Fig. 2.

Fig. 1. Molecular structure of nickel phthalocyanine.
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(104)
(102) (112),., nickel phthalocynanine
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Fig. 2. X-ray diffraction patterns of original rubber and CNTs and blue dye
(nickel phthalocyanine) powders.

The x-ray diffraction pattern of rubber shows notable
high intensity Bragg’s diffraction peaks at 26 of 18.86° (110),
23.30° (210), 29.73° (211), 30.87° (310), 36.23° (002), and
39.29° (121) respectively.
present in the rubber x-ray diffractogram are characteristics of
polyvinyl chloride which perfectly match with the ICDD data

base (PDF# 00-064-1628) and corresponds to high amount
[20]

These peaks and other peaks

of structural arrangement (order) in its polymeric chains.
In CNTs powder diffractogram, the broad and major peak of
CNTs was observed around 26.22° (002) which is attributed

to the hexagonal graphite structure, having high electrical con-
ductivities. A broad peak of CNTs at 20 of 44.36° (101) was
also observed. These peaks are consistent with standard x-
ray diffraction data base (PDF# 01-075-1621). One additional
peak is also observed at 36.23° because of different functional
group attached to the CNTs. The blue dye compound nickel
phthalocyanine (C3;H NgNi) and the peaks are identified us-
ing the standard ICDD database (PDF# 00-011-0744) which
is also consistent with previous observations. [>!]

Deposition of the films by rubbing-in technology de-
scribed in Refs. [17,18]. The thickness of the NiPc films was
in the range of 30 um—40 um, while the surface diameter of
the NiPc films was found to be about 4.5 mm. The thicknesses
of the films were measured using micrometer screw gauge.
All samples were fabricated at a pressure of 40 g/cm”. Mea-
surement of the electric properties (/I-V characteristics) of the
ITO/NiPc/CNT/Rubber cells was carried out under uniaxial
pressure of 200, 280, and 480 gf/cm?, which were applied per-
pendicular to the surface of the NiPc film (Fig. 3).

(a) applied|

ressurel

round metalic

CNT dispersion load

rubber film

(b) 7

Fig. 3. (a) Deposition of the NiPc films on conductive glass (ITO) and car-
bon nanotube (CNT) films by rubbing-in technology. (b) Schematic diagram
of the flexible cell based on ITO/NiPc/CNT/rubber cell. The flexible plastic
substrate covered by ITO 1, organic semiconductor NiPc 2, carbon nanotube
(CNT) layer 3, rubber 4, and terminals 5 and 6. The arrow 7 shows direction
of pressures.

3. Results and discussion

Figure 4 shows the [-V characteristics of the
ITO/NiPc/CNT/rubber cell measured at room temperature
and at different applied uniaxial pressures of 200, 280, and
480 gf/cm? for the samples from 1 to 3, respectively. One

can notice from Fig. 4 that the current response with respect
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to the applied voltage is a nonlinear curve for all the stud-
ied samples. However, the increment in pressure has made
the forward potential barrier to be increased compared to the
low pressured devices. On the contrary, the higher applied
pressure was affected to increase the reverse potential barrier
(avalanche region), thereby decreased leaking current due to
minority charge carriers. Interestingly, devices with active
films prepared under higher pressure can be viably useful for

high power electronics application and signal rectification.

| —e—480 gf/cm?
—o—280 gf/cm?
——200 gf/cm?

Current (pm)
o

\
—
o

!

—-30—20—10 O 10 20 30
Voltage (V)

Fig. 4. The -V characteristics of the ITO/NiPc/CNT/rubber cell under var-
ious pressures.

It is possible to investigate non-linearity coefficient (o)

from the -V characteristics of the samples using the below

expression: 2%

o = (log(L/I)/log(Va/V1). (1)

This coefficient can also be determined using the following

equation:
B = dIVy/IpdV. 2)
o T  Ql—
= 3.0 —— QV=5V
g
k3 2.8 1
g
g 2.61
9]
2 2.44
E
S 2.24
=
= 2.04
°) T T T T T T T
4 200 300 400 500
Pressure (gf/cm?)
Fig. 5. Non-linearity coefficient B(V) and pressure relationship for

ITO/NiPc/CNT/rubber cell.

Figure 5 shows the change in (V) with the applied pres-
sure for ITO/NiPc/CNT/rubber cells.
linearity coefficient (B) is in the range of (2-3). Its value is

It is seen that non-

maximum at the pressure of 200 gf/cm? and it is exponen-
tially decreased with increase of the applied pressure up to
480 gf/cm?. The change in the non-linearity of the /-V charac-
teristics might be due to two main effects. First, the decrease
in the resistance of the sample and hence increased current

through the semiconductor (NiPc). Second, the increased con-
centration of charge carries, thereby increasing the mobility
of charge carriers due to hopping mechanism of conduction
which is usually taken place in organic semiconductors.>?!

Also, the phenomenon of non-linearity in the /-V char-
acteristics of organic semiconductors can be observed due to
semiconductor—conductor interface defects. Here, the non-
linearity of the studied cells, shown in Fig. 4, can be due to
ITO-NiPc and NiPc—CNT contact junctions, which plays the
role of two diodes connected opposite to each other.

Figure 6 shows that the rectification ratio in the /-V curve
of the ITO/NiPc/CNT/rubber cell is greatly changes with the
change of applied pressure. The non-monotonic change in the
rectification ratio suggests that the proposed diode structure
can be interestingly applied for the application of high-power
rectification at selected applied pressures. The presence of a
trivial asymmetry in the /-V characteristics can be due to the
differences in the work function of ITO and CNT as well as
the concentration of the defects present at the concerned in-
terfaces. In particular, the work function of indium tin ox-
ide transparent conductor measured by photoelectron spec-
troscopy was found to be 4.4 eV to 4.5 eV,!?3! while that for
the multi- and single-walled carbon nanotubes were estimated
to be 4.95 eV and 5.05 eV, respectively.?*! To increase the
asymmetry of the /-V characteristics the ITO can be replaced
by different conductors having various work functions such
as aluminum with work function of 4.06 eV to 4.26 eV. Nev-
ertheless, replacement of ITO by CNT is another approach
which has been considered to reduce the cost of materials and
to achieve /-V response for desired applications.

——QV=10V

o o o

Rectification ratio

—
ot
L

200 300 400 500
Pressure (gf/cm?)

Fig. 6. Relationship of the rectification ratio and pressure.
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Fig. 7. Resistance—pressure relationship at various sweeping voltages.
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It is seen that as pressure or applied voltage increased the
resistance decreased. The decrease of the resistance can be ex-
plained by decrease of the two contact ITO-NiPc and NiPc—
CNT resistances as well under effect of pressure, and volume
resistance of the NiPc due to decrease of the intermolecu-
lar, NiPc—NiPc, distances which accelerate hopping mecha-
nism of the charge carriers transfer. It was observed from
the results shown in Figs. 7 and 8 that the resistance of the
cells is decreased with the increase of both the applied volt-
age and pressure. The obtained results show that the flexible
ITO/NiPc/CNT/rubber cell fabricated by rubbing-in technol-
ogy can also be used as pressure sensors due to the changed
resistance of the device with the pressure.

25 | ——200 gf/cm?
. —e—280 gf/cm?
G 20 | ——480 gf/cm?
g
Y 154
=i
£ 10/
w0
@ 59

0

5 10 15 20 25
Voltage (V)

Fig. 8. Dependences of the resistance of the ITO-NiPc—CNT samples on
applied voltage at different pressures.

4. Conclusion

The nickel phthalocyanine (NiPc) film was successfully
fabricated by rubbing-in technology on the surface of flex-
ible ITO glass substrate and the /-V characteristics of the
ITO/NiPc/CNT/rubber devices were investigated under uniax-
ial pressures of 200, 280, and 480 gf/cmz. It was concluded
that the cell resistance is decreased with the increase of pres-
sure and voltage. The nonlinearity coefficient of the /-V char-
acteristics of the samples was found to be about 2 to 3, which
was decreased with the increase of the pressure. The rectifi-
cation ratio of the cells was estimated to be dependent on the
applied pressure. The results presented here can be potentially

used for the fabrication of rubbing-in technology based elec-
tronic devices such as diodes, non-linear resistors and sensors.
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