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Fabrication of a cobalt phthalocyanine free-
standing film on an ionic liquid surface for memory
device applications
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Yan Xiao,?® Long Zhang,? Fei Peng® and Ge-Bo Pan .
The fabrication of a metal phthalocyanine (MPc) film with good transferability and exploitation of its
properties are very important for further application. In this study, a continuous free-standing film of
CoPc was obtained on an ionic liquid (IL) surface via a physical vapor deposition (PVD) method. The as-
obtained film has a B-phase structure and is constructed with one dimensional CoPc to form a network
structure. The morphology of the film could be easily tuned by tunning the flow rate of the carrier gas.
More importantly, the device based on these films shows obvious electrical switching and negative
differential resistance (NDR) characteristics. The maximum ON/OFF current ratio of two distinctive
conductivity states is ~100 at a reading voltage of +30 V. The conductivity and conductive switching
behavior of the NW constructed device are better than the device constructed with NRs. The NDR effect
and electrical switching conduction mechanism can be explained by the charge trap elements of the
Co'"/Co' redox couples. The above results open up the possibility of CoPc as a memory medium for
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1 Introduction

Organic thin films constructed with a one-dimensional (1D)
nanostructure are currently under intense investigation. They
can provide efficient charge generation and transport in one
direction owing to their unique structural as well as physical
properties’ and have potential applications in nanoscale elec-
tronic, optical, and optoelectronic devices.>” Compared with
their inorganic counterparts, organic materials open up a bright
vista for the next generation of nanotechnologies and electronic
devices® because organic materials have many advantages which
include unlimited choices of building blocks, versatile modifi-
cation of materials on the molecular level, high flexibility, low
cost, and ease of large-area fabrication. Moreover, among
various building blocks for organic nanostructured films,
organic small conjugated molecules have been extensively
studied for their good crystallinity and high mobility. Metal
phthalocyanines (MPcs) are one of the most widely studied
organic functional materials because their planar aromatic
structures are ideal building blocks for organic nanostructures
through m-7 interactions and the possibility of applications in
various opto/electronic devices including photovoltaics, recti-
fiers, memory devices, organic photodetectors, sensors etc.”*>
CoPc is a member of MPcs family with the central atom as
Co®* and an 18 m-electron system. The presence of the
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information storage and logic circuits applications.

superoxide adduct of CoPc leads to the formation of charge-
transfer complexes and then induce the formation injection of
hole charge carriers into the bulk solid.** Such phenomena
induces good conductivity and catalytic of CoPc. Despite the
electronic applications of CoPc, e.g. organic field-effect transis-
tors," gas sensor'® and electrocatalysts’® have been widely
studied, the exploitation of CoPc in a wider application is still
very important. On the other hand, the preparation of CoPc films
with various micro/nano structures is mainly focused on physical
vapor deposition (PVD) due to its low solubility. The significant
obstacle in such process is that the films are generally difficult to
lift off and transfer because of the strong material-substrate
interaction, which limited further device application. Free-
standing film, which can overcome such obstacle and can be
easily transferred onto the desired substrate for further devices
application to decrease remarkably the cost without sacrificing
the device performance was discovered in recent years."”

In this study, a free-standing film of CoPc was successfully
prepared via PVD method and its memory switching property
was observed for the first time. In particularly, considering the
unique physical and chemical properties of ionic liquid (IL)
such as zero pressure of saturated vapor, extended temperature
range, good chemical and thermal stability and low flamma-
bility,"*>* we have also introduced ILs as substrate into PVD
system for CoPc deposition. After deposition, a continuous
CoPc film was obtained on the surface of 1-(2-hydroxyethyl)-3-
methylimidazolium tetrafluoroborate ([HEMIM][BF,]). The
film is constructed with one dimensional (1D) network struc-
ture and the morphology can be easily tuned by modulating the
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flow rate of carrier gas. More importantly, the device which
based on these films shows obvious electrical switching and
negative differential resistance (NDR) characteristics. Our
results demonstrate that CoPc is a promising organic semi-
conductor as memory medium for the applications of infor-
mation storage and logic circuits.

2 Experimental section
Synthesis and characterization

Synthesis of the CoPc (Aldrich co.) free-standing film was con-
ducted in a horizontal quartz tube furnace using ILs as the
growth substrate via a PVD method. In a typical procedure, 5 mg
CoPc powder was placed at the high temperature zone of the
furnace. The tested IL was [HEMIM][BF,] (Shanghai Chengjie
Chemical Co., Ltd), which has higher density than CoPc and
was insoluble with CoPc. 3 ml ILs were loaded in a quartz boat
and placed at downstream positions ~16 cm from the source
material. After the tube was evacuated to a base pressure of 2 Pa,
a carrier gas (nitrogen, 99.999%) was fed with a constant flow
ratio and the pressure in the tube was adjusted to 220 Pa during
the experiments. Thereafter, the source material was heated to
550 °C at and then maintained at this temperature for 60 min.
Finally, the final products were detached from the ILs by
immersing in water, whereupon the ILs were dissolved. Besides
the flow rate of nitrogen mainly affected the morphology of the
final products, and flow rate of carrier gas between 100 sccm
and 200 scem were investigated.

The fabricated samples were examined by scanning electron
microscopy (SEM, Quanta 400 FEG), transmission electron
microscope (TEM, Tecnai G2 F20 S-Twin), energy-dispersive X-
ray spectrometry (EDS, Quanta 400 FEG), X-ray diffraction
(XRD, X‘Pert-Pro MPD), Fourier-transform infrared spectros-
copy (FT-IR, Nicolet 6700), UV-vis-NIR absorption spectra (UV-
vis, Lambda 750), cyclic voltammetry measurement (CV, CHI
660D Shanghai ChenHua Co., Ltd).

Memory device fabrication and measurements

The memory device was constructed in bottom-connected
configuration. The finger electrodes with the length of 200
um, the width of 20 um and the distance of 20 um, were fabri-
cated by the photolithography and electron beam deposition of
Au on the SiO,/Si substrate. The devices were fabricated on the
basises of as-obtained CoPc films. In brief, CoPc film was rinsed
with methanol to remove the residual ILs and then transferred
onto the as-fabricated Au electrode of SiO,/Si substrate.
Current-voltage (I-V) characteristics of the devices were recor-
ded with a Keithley 4200 SCS and SUSS PM8 probe station in
a clean and shielded box at room temperature. All measure-
ments were carried out at room temperature under ambient
conditions.

3 Results and discussion

After deposition, a blue layer of CoPc film was observed on the
ILs' surface. The thickness of the film depends on the location
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of ILs and the deposition time. Fig. 1a shows the typical
morphology of the as-fabricated film on ILs surface. It was seen
that a nanowire (NW) network was formed. The NWs have
average width of ~150 nm, thickness of ~30 nm and average
lengths up to ~50 um, which indicates beneficial properties
such as large surface-to-volume ratio morphology. As reported,
a number of NWs standing on the solid substrate when using
solid substrate,'**' our two dimensional (2D) network structure
film may be attribute to the high surface energy (E;) of IL. Fig. 1b
displays a typical SEM image of CoPc NWs. It is clear that the
NWs exhibit smooth surfaces and uniform diameter. The high
magnification SEM image of the NW (see the inset in Fig. 1b)
indicated that some of the NW with helical structure. The width,
length, and pitch distance of helical nanowires are in the ranges
of ~150 nm, ~1-5 pm, and ~300 nm, respectively. Although
many helical structures of CoPc have been reported, most of
them were based on the twisted nanoribbons,** the as-prepared
helical CoPc NWs in our study are mostly double-stranded or
multi-stranded and with same helix direction, which is due to
the high viscosity of IL and facilitates CoPc molecules to move
in one direction. Representative TEM image of the double-
stranded helical structure CoPc NW is shown in Fig. 1lc. It
shows that the NW has a solid state and further indicates of
a smooth surface. High-resolution TEM (HRTEM) of the CoPc
NW discloses the single-crystalline nature of the helical NW and
with the same growth direction. The CoPc NW grows along [100]
direction, and the corresponding d,o is ~1.53 nm. Further-
more, the area of films could be easily adjusted by varying the
size of quartz boat and the quantity of starting materials.
XRD, FT-IR, UV-vis absorption and EDX spectra have been
characterized, in order to understand the chemical composition
and the structure of CoPc film. Fig. 2a shows the XRD pattern of
CoPc free-standing film and compared with CoPc powder. The
XRD pattern of CoPc powder can be indexed as the monoclinic
crystal with lattice constants of a = 14.5982 A b=47937A,c=
19.4348 A and 8 = 121.782°, which indicates that the CoPc power

Fig. 1 (a) The optical microscopic (OM) image of the as-prepared film
on ILs surface. (b) Typical SEM image of CoPc film and inset was the
high magnification of the corresponding film. (c) The typical TEM
image of the twisted CoPc wire. (d) HRTEM image of the white-marked
area in (c).

RSC Adv., 2018, 8, 5344-5349 | 5345



RSC Advances

a)l 100 3
':T — CoPc powder ;’
= — CoPc film g 873
]
Zl | 102 £| o5 78
= 10-4 20-3 €
= - -3
e 202 204 44| a 756
= A M, whed  § | —CoPcpowder 725
J p — CoPc film
: v = y y 1000 900 800 700 600, 500
5 10 15 20 25 30 -
3 theta Wavenumber cm-1,

c) B d) c

) — CoPe film el

s A

2 Q1 %*

17

< 5

2 2

= £

3 40 600 700 800 0.00 025 050 0.75 1.00 125 1.50

0 500
Wavelength (nm) Energy-kev

Fig. 2 (a) XRD pattern and (b) FT-IR spectra of CoPc film along with
CoPc powder; (c) UV-vis and (d) EDS spectra of CoPc film. The CoPc
film was obtained on [HEMIM][BF,] surface.

was f phase.?” Similar to the XRD pattern of CoPc powder, two
diffraction peaks at 7.17° and 9.34° appeared, which were
identified as the (100) and (10—2) peaks of B-CoPc. This result
revealed that no phase transformation occurred during the
vapor deposition process and the highly crystalline with a pref-
erential orientation of (100) of the obtained film. The FT-IR
spectrum (Fig. 2b) of CoPc film and CoPc powder in the range
500-1000 cm ™~ ' were tested to reveal the possible structure and
chemical composition change of such film. The main peak at
730 cm ™' is assigned to nonplanar deformation of C-H bonds of
benzene rings.?* The medium band at 756 cm " and a band at
780 ecm ' are ascribed to non-planar vibrations (out-of-plane
bending) of the C-H bonds.>* The metal ligand (Co-N) vibra-
tion bands are corresponding to 915 and 877 cm ™. As reported,
the band of 730, 780 and 877 cm ™ are for the characteristic of B-
form CoPc.”® The FT-IR results are in good agreement with the
XRD analysis and CoPc did not decomposition or other chemical
reactions occurred during the PVD process. Fig. 3¢ shows the UV-
vis spectra of film which transferred onto quartz substrate. The
film has three characteristic adsorption bands, labelled as B, Q;,
and Q,. In the near-UV region in the range of about 300-350 nm
(B-band) exhibits a single peak, representing the —m* transition
between bonding and anti bonding molecular orbital. The
absorption band in the visible region known as the Q-band
representing the w — m* transition has a doublet due to
vibronic coupling in the excited state (Davydov splitting).® The
result indicates that CoPc film with well-defined intermolecular
interactions. In addition, Fig. 2d shows the EDS analysis of CoPc
films, the elements of C, N, and Co elements that constitute the
molecules of CoPc were clearly identified, but no B and F
elements exist, indicating no ILs absorbed on the products and
the high-purity nature of the final products.

The flow rate of carrier gas (N,) plays an important role in the
morphology and crystal phase of CoPc. Fig. 3 shows a set of
typical OM images and XRD patterns of the products obtained
with different flow rate of nitrogen, while the other parameters
were fixed. A NWs network was formed at the flow rate of 100
scem (Fig. 3a). Some rod like CoPc emerged when the flow rate
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Fig. 3 (a—d) Typical OM images and (e) XRD pattern of CoPc nano-
structures deposited on ILs surface through heated to 550 °C for 1 h
with different flow rate of nitrogen: (a) 100 sccm, (b) 120 sccm, (c) 160
sccm and (d) 200 scecm.

increased to 120 sccm (Fig. 3b). The content of nanorod (NR) in
the blend increases as the flow rate increases (Fig. 3c). Further
increasing the flow rate to 200 sccm, the CoPc NRs with diam-
eters of ~900 + 100 nm, height of 400 & 100 nm, and the
lengths of 40 £+ 10 pm were obtained (Fig. 3d). The significant
difference between the NR and NW are the diameters and the
height of final products. It indicates that the morphology of the
film is closely related with the flow rate of N,. The higher flow
rate of N, induces higher deposition temperature and higher
supersaturation of vapor. Consequently, the corresponding
high supersaturation vapor combines with high molecule
mobility could benefit the 7t---7v conjugation between the layer-
stacked molecules in different CoPc unit cells and the large size
of NR are formed.** The XRD spectra of the CoPc films obtained
with different flow rate of N, are shown in Fig. 3e. The peak was
observed at 26 = 7.17, 9.34, and 14.4°, which corresponds to the
monoclinic CoPc in the (100), (10-2) and (200) plane respec-
tively. The position of the diffraction peak is not changed as
changes the flow rate of N,, which confirms that both NWs and
NRs have the same B-form crystalline structure.

The impact of the type of IL on the final products was also
studied. A continuous free standing film could be obtained only
on the surface of [HEMIM][BF,], while suspended CoPc was
obtained in the bulk phase of other alkyl imidazolium ILs.
Because [HEMIM][BF,] has the highest density among other
alkyl imidazolium ILs. The higher density of IL is responsible
for CoPc float on the ILs surface, while the high E contributes
to 2D network structure. Because organic molecules could
preferentially deposite on the higher E; sites.””
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The good transferability of such film made it possible to be
easily transferred onto desired substrates for further device
application. Fig. 4a is a schematic of a NW network-based
device. Fig. 4b shows a typical SEM image of the as-
constructed device. It is clear that the NW network has been
connected to two Au electrodes. The thickness of the network
film is approximately 150 nm. The -V characteristics of the
device exhibit a reversible hysteretic switching and memory
behavior. As the sweep from —50 to 50 V, the current remains in
the high conducting (ON) state, but during the final bias scan
from 50 to —50 V, the low-conducting (OFF) state is retained
exhibiting memory phenomena, indicating the bistable prop-
erties of the device. At a proper reading voltage (e.g., 30 V), the
ON current is 120 nA while the OFF current is only 14 nA giving
an ON/OFF ratio of 100. As we know, most of MPc memory
devices were prepared with sandwich structure, the ON/OFF
ratio in our system is relatively low due to large distance
between two electrodes which would not facilitate charge
transfer. It is still large enough for detecting in different states.
Furthermore, the current initially high, and increases with bias
voltage, when the bias voltage reaches a certain value (40 V), the
current starts decrease with bias form a negative differential
resistance (NDR) region during the sweep from —50 to 50 V. The
obvious conductivity switching behavior and NDR characteris-
tics make it potentially useful in nonvolatile rewritable organic
bistable memory devices.

To study the role of morphology of the CoPc film on electrical
bistability of the device, we have compared I-V characteristics of
the two devices (Fig. 5). We find that the current values for
device I are smaller than for devices II. At a bias voltage of 50 V,
the current of ON state was 0.01 pA for device I and 0.032 pA for
device II. This is an increase in current by about three magni-
tude. Furthermore, both device exist conductivity switching
behavior and NDR characteristics. A comparison between the
results also indicates that the switching is similar for both the

40 20 0 20 40
Voltage (V)
Fig. 4 (a) Schematic illustration and (b) representative SEM image of

a device based on a CoPc nanowire network film. (c) /-V character-
istics of the device for CoPc film.
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Fig. 5 [-V characteristics of the device for two different morphology
of the active layer; the active layer of device | was CoPc NR con-
structed film while the device Il was CoPc NWs network constructed
film.

devices during the bias scan from 0 to 150 V, while the device II
is about 2 magnitude higher than device I during the bias scan
from —150 to 0 V. In addition, the NR constructed and the NWs
network constructed films were found to have a thickness of
~800 nm and ~150 nm, respectively. The large surface-to-
volume ratio and slightly thinner thickness of the NWs
network film lead to better contact with Au electrode and result
in higher conductivity in the device II. As a result, the switching
behavior of our devices are strongly depend on the morphology
of the active layer.

The electrochemical activities of CoPc film adsorbed onto
ITO electrode was investigated by using cyclic voltammogram
(CV), to explain the switching characteristics. Fig. 6 shows CV of
PBS at ITO and CoPc/ITO electrode. Compared with ITO elec-
trode, the redox peak —0.71 V was observed at CoP¢/ITO (Fig. 6a
and b). The redox reactions was attributed to the Co"/Co' of
CoPc.”® As shown in Fig. 6¢ and d, the cathodic and anodic peak
currents for the CoPc are linearly proportional to the scan rate,
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Fig. 6 (a) Cyclic voltammogram of bare ITO electrode and CoPc/ITO

modified electrode in 0.1 mol L~ PBS (pH = 7.0), scan rate 100 mV s,
(b) Cyclic voltammogram of CoPc/ITO electrode in 0.1 mol L~ PBS
(pH = 7.0) at different scan rate. Scan rate dependence of (c) anodic
(Er) and (d) cathodic (Ep) peak currents.
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Fig.7 Comparisons of electrical bistability of two device with different
deposition morphology of CoPc layer (a) NWs and (b) NRs in log—log
scale.

indicating that the electrochemical response is governed by
a charge transfer mechanism.* The bipolar switching behavior
in this system can be explained by charge storage (high resis-
tance) and release (low resistance) within charge-trap sites,
since these redox reactions have close relationship with electron
release (oxidation) and trapping (reduction). In the CoPc film
devices, the charge trap element of Co"/Co' redox couples can
significantly affect the switching mechanisms of devices.

For further understanding of the mechanism of resistive
switching behavior, I-V characteristics are also re-plotted in
a log-log scale as shown in Fig. 7. It is found that the ON/OFF
current ratio for the NWs based device is larger than for the
NRs based device, as shown in Fig. 7a and b. The relations for all
devices have the rather similar gradient. The I-V relationship in
the ON state clearly exhibits ohmic conductance behavior with
a slope of ~1.3, which indicates the in the device during the
“SET” (switch the device from high resistance state to low
resistance state) process, however, the conduction behavior of
the films in the OFF state is more complicated. The conduction
mechanism is in good agreement with the space charge limited
conduction (SCLC),** which consists of three portions: the
ohmic region (I « V), Mott-Gurney law (I « V?) and a steep
current increase region. The different conduction behaviors in
the ON and OFF states imply that conduction behavior of CoPc
memory devices is consistent with SCLC and localized filament
mechanisms.

4 Conclusions

We have successfully fabricated a free-standing film of CoPc on
ILs surface via a PVD method. The film has B-phase structure
and is constructed with 1D CoPc to form network structure. The
morphology of the film can be easily controlled just by varying
the flow rate of carrier gas. Moreover, the device of such free-
standing film exhibited two distinctive states of conductivity
with the maximum ON/OFF current ratio ~100 at reading
voltage of +30 V and NDR characteristics. The conductive
switching behavior of the NWs constructed device is about 2
magnitude higher than the device constructed with NRs during
the bias scan from —150 to 0 V. The conduction mechanism can
be ascribed to the charge trap elements of Co"/Co' redox
couples, which is consistent with SCLC and localized filament
mechanisms. Our results open up the possibility of CoPc as
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memory medium for the applications of information storage
and logic circuits.
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