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A novel surface-type nonvolatile electric memory elements based on organic semiconductors CuPc and H,Pc are
fabricated by vacuum deposition of the CuPc and H,Pc films on preliminary deposited metallic (Ag and Cu) electrodes.
The gap between Ag and Cu electrodes is 30-40 um. For the current-voltage (/-V) characteristics the memory effect,
switching effect, and negative differential resistance regions are observed. The switching mechanism is attributed to the
electric-field-induced charge transfer. As a result the device switches from a low to a high-conductivity state and then back
to a low conductivity state if the opposite polarity voltage is applied. The ratio of resistance at the high resistance state to
that at the low resistance state is equal to 120-150. Under the switching condition, the electric current increases ~ 80—100

times. A comparison between the forward and reverse /-V characteristics shows the presence of rectifying behavior.
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1. Introduction

Recently, a lot of work has been done in the field of or-
ganic based electronic devices. These materials provide a di-
versity of interesting properties, which make possible the re-
alization of organic electronic devices with advantages over
the conventional inorganic technology./'=3! The motivations in
using organic materials in electronic devices come from their
ease in tuning electronic and processing properties by chem-
ical design and synthesis, low cost and low temperature pro-
cessing, reel-to-reel printing, mechanical flexibility, and com-
patibility with flexible substrates. Flexible electronic displays,
circuits, sensors and memories will enable the future genera-
tion of electronics based on organic active materials. 4!

Non-volatile memory (NVM) devices based on conven-
tional silicon technology have experienced the development
process in applications from computer to portable flash drives.
During the past few years, research work in the area of
memory devices based organic and inorganic semiconduc-
tors, nanocomposites and polymer materials has been devel-

1.15:61 Electrically bistable devices based on organic

oped wel
materials show a non-volatile memory effect.”! The electric-
field-induced charge transfer from an organic electron donor
to an acceptor is considered as a responsible mechanism for
the memory effect which switches the device from a low- to

a high-conductivity state. In the review,®! the switching be-
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havior and the nonvolatile memory effect have been presented
by investigating the /-V characteristics in many organic semi-
conductor devices based on polymer and low molecular mate-
rials. In the review,[®] the information about nonvolatile mem-
ory devices based on hybrid inorganic/organic nanocompos-
ites has been presented. In particular, the structures, fabrica-
tions, electrical characteristics, switching and carrier transport
mechanisms of nonvolatile memory devices were discussed.
For a large area of low-cost electronics, there is a need to
develop alternate cost-effective memory devices. The emerg-
ing field of organic electronics has potential for low cost non-
volatile memory applications due to its key advantages of sim-
ple and low-temperature thin-film processing through inex-
pensive techniques such as spin coating, ink-jet printing, or
stamping. 1%

The memory device based on polypyrrole (PPy) nanopar-
ticles embedded in poly (vinyl alcohol) (PVA) was fab-
ricated and investigated by Hong et al.''l' They found
that with a 20-nm-thick PPy layer in the memory de-
vices, the stable multilevel switching takes place with a
high on/off ratio that was over 100. A memory element
based on poly-epoxypropylcarbazole (PEPC) and tetracyano-
quinodimethane (TCNQ) has been reported by Akhmedov et
al.l'2 On the Cu substrate, there was deposited a film of the
PEPC-TCNQ complex followed by the deposition of aquadag
film that played the role of the counter electrode. In the I-V
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characteristics, the switching and nonvolatile memory effects
were observed. At switching, the resistance of the samples is
decreased 100 times. The high resistance state of the memory
element was restored by heating at 55-60 °C. Copper phthalo-
cyanine (CuPc) is a well-known organic semiconductor that
has been investigated for the many electronic devices.!'3] In
Ref. [14], the memory element Al/Alq3/CuPc/Alqs/Al was in-
vestigated, where Alqs is aluminum tris (8-hydroxyquinolate)
which is a well investigated organic semiconductor.!'3!3]
An overview of emerging nonvolatile memory technologies
was presented in Ref. [16]. This review focuses on electri-
cally programmable nonvolatile memory changes from sili-
con nanocrystal memory scaling to organic semiconductors.
Metallic nanoparticles based memory devices and emerging
nonvolatile memory devices fabricated by the use of flexible
and transparent redox-based resistive switching memory tech-
nologies have been discussed. In that review, an overview is
presented of storage systems and components from conven-
tional memory devices to the devices based on nanostructured
materials as a redox-based resistive random-access memory
(RRAM) and three-dimensional (3D) transparent memory de-
vices. An advancement in organic nonvolatile memory de-
vices has been further described in Ref. [17]. In particular,
two structures of memory devices were described, i.e., two-
terminal (resistive devices), and three-terminal (transistor ) de-
vices. Owing to the reliability of operation and simplicity at
fabrication the two-terminal memory devices are very popular.

Therefore, in the present study, we used CuPc and metal
free phthalocyanine (H,Pc) to fabricate two terminals, resis-
tive memory devices, CuPc and H;Pc have different work
functions, 3.87 eV and 4.04 eV, respectively. This difference
in work functions potentially allows one to fabricate a donor—
acceptor system. The energy gaps of the CuPc and H,Pc are
equal to 1.6 eVI!81%1 and 2.2 eV, respectively, that can allow
one to fabricate a heterojunction. Usually, the memory devices
are sandwich-type that have a number of advantages as lower
resistance and higher currents. At the same time, practically,
it is difficult to avoid the short-circuiting of the devices during
the fabrication process, especially if the thickness of the semi-
conductor films is small. Therefore, it seems, surface-type
devices are more reliable, where there is a gap between two
metallic films that can be filled with semiconductor materi-
als with appropriate technology. Thus, it would be reasonable
to fabricate and investigate the surface type memory element.
The materials used in the study are the organic semiconductors
known as CuPc and H,Pc.

2. Experiment

For the fabrication of surface-type memory elements,
commercially available CuPc and H,Pc were purchased from

Sigma Aldrich. CuPc and H,Pc have chemical formula
C3,H;6CuNg and C3;H;gNg respectively. Molecular struc-
tures of the CuPc and H,Pc are shown in Fig. 1(a). The CuPc
is a p-type organic semiconductor.!'>!8] CuPc exists in seven
crystalline polymorph states: «,f3,7,R,8,¢, etc.!'”) The a-
CuPc form is metastable at 165 °C and can be converted ther-
mally into B-form. The o and B forms are the most fre-
quently encountered states of CuPc. The fabricated CuPc films
were in 3-form because thermal sublimation was used for film
deposition. The structure that characterizes the B-form is a
monoclinic crystal Pj/a with a = 19.407 A, b=479 A,
c=14.628 A, and B = 120.93 A.1"! It has a conductivity
of 5x 10713 Q=1 em™! at T = 300 K.?>?!1 The molecular
weight of the CuPc molecule is 576 amu. Its sublimation tem-
peratures vary from 400-580 °C at a pressure of 10~* Pa.[??]
Figure 2 shows the schematic diagrams of the nonvolatile elec-
tric memory surface-type elements based on organic semicon-
ductors CuPc and HyPc. The gap between Ag and Cu elec-

trodes was between 30-40 um for different samples.
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Fig. 1. (color online) (a) Molecular structures of the CuPc and HyPc.
(b) Schematic diagram of the nonvolatile electric memory surface-type
element based on organic semiconductors CuPc and H,Pc.

To fabricate the elements (Fig. 1(b)) on glass substrate,
first, the silver and copper films were deposited by vacuum
evaporation. Over the metallic films, CuPc and HyPc were
deposited consequently. Metals and organic semiconductors
were deposited by using an EDWARD 306 vacuum thermal
evaporator. The rates of deposition of copper, silver, CuPc and
H,Pc were 0.05 nm/s, 0.04 nm/s, 0.24 nm/s, and 0.14 nm/s, re-
spectively. The length and width of the substrates were 16 mm
and 14 mm, respectively. The gap between Ag and Cu films
was 3040 um. The sublimation temperature of organic semi-
conductors was 460 °C, whereas the vacuum chamber pressure
was 10~* Pa. Thickness values of Ag and Cu films were both
equal to 100 nm. Positive (+) potential in forward bias was
applied to “Cu” film. To confirm the repeatability of the re-
sults, testing of samples was carried out 10-12 times. Atomic
force microscopy (AFM) has been used to examine the surface
morphologies of the CuPc and H,Pc films. The AFM topo-
graphic images are shown in Fig. 2. The difference in surface
topography between the two films is clearly observed in the
figures. The morphologies of the stand-alone CuPc and HyPc

films exhibit rough and non-uniform distinct features.
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Fig. 2. (color online) The 3D AFM images of the CuPc (a) and H,Pc (b).

3. Results and discussion

Figures 3(a) and 3(b) show the /-V characteristics of
the two memory elements, where gaps between Cu and Ag
metallic electrodes are 30 pm and 40 um, respectively. In
both cases, nonvolatile memory effect, switching effect, and
negative differential resistance (NDR) are all observed. It is
found that if the gap between metallic electrodes increases, the
threshold voltage value (Vy,) also increases. In the forward
bias condition, Vty, values are equal to 1.3 V and 1.5 V for
the devices with 30-um and 40-pum gaps, respectively. As the
work functions of metallic films Cu and Ag are different (Cu
has 4.65 eV and Ag has 4.26 eV), there exists an asymmetric
behavior in the /-V characteristic. In fact, in the memory el-
ement there are two conductive channels for the charges’ mo-
tion (see Fig. 1(b)), i.e., Ag—CuPc—Cu and Ag—CuPc-H;Pc—
CuPc—Cu. It can be assumed that in the forward current di-
rection, the total resistance of the sample is lower than the
total resistance in the opposite direction. This model can ex-
plain the experimental /-V characteristics up to some extent
(see Figs. 3(a) and 3(b)). Regarding the working mechanisms
of the nonvolatile memories, there are several approaches. In
Ref. [7], the switching mechanism is explained by electric-
field-induced charge transfer of electrons from a donor to an
acceptor. In this process, the memory element is switched
from a low to a high conductivity state. Another mecha-
nism that was discussed in the literature is the formation of
the highly conductive pathways in the composite layer.”! The
mobile metallic ions from the electrodes can migrate through
a conductive filament between the two electrodes, when high
enough voltages are applied to the device. It has been observed
by using a current-sensing atomic force microscope. As the
filament is metallic in nature, the temperature dependence of
the current is very low. In Simmons and Verderder’s model, !

when the traps are occupied by charges, the device is in the
high resistive state, and if the traps are empty, the device is in
the low resistive state. The trapped charge can be removed by
applying larger voltage biasing to the device. Therefore, the
switching effect that is due to the trapping-detrapping mecha-
nism can be observed. Concerning the nonvolatile memory ef-
fect observed in CuPc—H;Pc elements, it can be assumed that
the switching mechanism is due to the electric-field-induced
charge transfer of electrons from a donor to an acceptor. In
this process, the memory element switches from a low to a
high conductivity state.
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Fig. 3. (color online) (a) The I-V characteristics of the nonvolatile
electric memory surface-type element based on organic semiconductors
CuPc and H,Pc (gap between Ag and Cu films is 30 pm). (b) The I-V
characteristics of the nonvolatile electric memory surface-type element
based on organic semiconductors CuPc and H,Pc (the gap between Ag
and Cu films is 40 pm).

Figure 4 shows the resistance-time relationship for the de-
vice with a 30-um gap in a switching interval of 1 h. The
resistance—time relationships for the devices with a 40-pum gap
are approximately the same. On average the values of the re-
sistances of the memory elements with a gap of 30 um at high
and low resistance states are 2402 kQ and 21 kQ, respectively.

For the memory elements with a gap of 40 um the values of
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the resistances at high and low resistance states are 3752 kQ
and 25 kQ, respectively. The ratios between the resistance at
the high resistance state and that at the low resistance state
are 120 and 150 for the devices with 30-um and 40-pm gaps,
respectively. Under the switching condition, the current in-
creases ~ 80—100 times. It is observed that the retention time
is larger than 25 h, the read cycle (read time or response time)
is smaller than ps, and endurance is larger than 1200 cycles.
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Fig. 4. Resistance—time relationships (in a switching interval of 1 h) for
the nonvolatile electric memory surface-type element based on organic
semiconductors CuPc and H,Pc (the gap between Ag and Cu films is
30 um).

By using the energy band diagrams developed for

metal-semiconductor and semiconductor—semiconductor

5,231 the properties of the CuPc and H,Pc mem-

heterojunction
ory element can be explained. Figure 5 shows the energy
band diagrams of the metal (Cu or Ag) and p-semiconductor
junction (CuPc) (Fig. 5(a)) and heterojunction (CuPc and
H,Pc junction) (Fig. 5(b)) under thermal equilibrium con-
dition. Taking into account the fact that CuPc and HyPc are
p-type semiconductors and their work functions (3.87 eV and
4.04 eV) are lower than the work functions of Cu and Ag
(4.65 eV and 4.26 eV), we can consider that CuPc and Cu
or Ag contacts are ohmic (Fig. 5(a)). At the same time,
semiconductor—semiconductor (CuPc—H;Pc) heterojunction
(Fig. 5(b)) is much more complicated at the interface of the
semiconductors. From the CuPc side an enhancement region
is seen, whereas from the side of the H,Pc a depletion region
is observed. If the voltages are applied to the terminals of
the memory element, one of the CuPc—H,Pc junctions will
be forward biased and the other will be reversely biased. The
total resistance of the path CuPc—H,Pc—CuPc will depend on
the reverse bias region as it has higher resistance than the
forward bias region. Therefore, this path can provide sym-
The second path Ag—CuPc-Cu
is due to the differences between Ag and Cu work functions

metric -V characteristics.

that are responsible for the asymmetric behavior in the I-V
characteristic. We assume that this effect takes place due to

easier transfer and accumulation of charges from metal to the
CuPc potential well which has essentially different depths as
seen in Fig. 5(a). The NDR observed in the /-V characteristic
is probably due to the sharp increase in the concentration of
charges or mobility under the effect of the applied voltage.
As in the organic semiconductors the hopping mechanism of

24.25] it can be considered that each

conduction is observed,!
molecule acts as a potential well. Under the effect of electric
field it can be assumed that the barrier between potential wells
becomes smaller and thinner that can result in the increases of

concentration and mobility of the charge carriers.
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Fig. 5. Energy band diagrams of metal (Cu or Ag) and p-semiconductor
junction (CuPc) (a) and the p—p heterojunction (CuPc and HpPc junc-
tion) (b) under thermal equilibrium.

4. Conclusions

In this work, the surface-type memory elements are fab-
ricated based on organic semiconductors CuPc and H)Pc
whereas Cu and Ag are used as electrodes. In the /-V char-
acteristics, the nonvolatile memory effect, switching effect,
and negative differential resistance region are observed. The
switching mechanism is attributed to electric-field-induced
charge transfer from a low- to a high-conductivity state and
back to a low conductivity state if the opposite polarity voltage
is applied. The I-V characteristics show a rectifying behavior.

References

[1] Kwan WL, LeiB, Shao Y and Yang Y 2010 Current Appl. Phys. 10 50
[2] LiN, LulJ, Li H and Kang E T 2011 Dyes and Pigments 88 18

116102-4


http://dx.doi.org/10.1016/j.cap.2009.12.012
http://dx.doi.org/10.1016/j.dyepig.2010.04.010

Chin. Phys. B Vol. 24, No. 11 (2015) 116102

(3]
(4]
[3]
(6]
(71
(8]
[9]
[10]
[11]
[12]
[13]

[14]

Ling Q D, Liaw D J, Zhu C, Chan D S H, Kang E T and Neoh K G
2008 Prog. Polym. Sci. 33 917

Ahmad Z, Ooi P, Aw K and Sayyad M 2011 Solid State Commun. 151
297

Lin W P, Liu S J, Gong T, Zhao Q and Huang W 2014 Adv. Mater. 26
570

Liu S J, Wang P, Zhao Q, Yang H Y, Wong J, Sun H B, Dong X C, Lin
W P and Huang W 2012 Adv. Mater. 24 2901

Chu CW, Ouyang J, Tseng J H and Yang Y 2005 Adv. Mater. 17 1440
Scott J C and Bozano L D 2007 Adv. Mater. 19 1452

Kim T W, Yang Y, Li F and Kwan W L 2012 NPG Asia Mater. 4 €18
Ahmad Z, Ooi P, Sulaiman K, Aw K and Sayyad M 2012 Microelect.
Engineer. 99 62

Hong J Y, Jeon S O, Jang J, Song K and Kim S H 2013 Organic Elec-
tron. 14 979

Akhmedov K, Rakhimova M M, Karimov K S and Cherkashin M 1
1982 Journal of Academy of Sciences of Tajikistan 25 24

Fedorov M 1 2004 Investigation and Application of Organic—Inorganic
Heterojunctions (State Technical University, Russia)

Bozano L D, Kean B W, Beinhoff M, Carter K R, Rice P M and Scott J
C 2005 Adv. Funct. Mater. 15 1933

[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
(23]
[24]

[25]

116102-5

Karimov K S, Qazi I, Khan T A, Draper P H, Khalid F A and Mahroof-
Tahir M 2008 Environ. Monit. Assess. 141 323

Meena J S, Sze S M, Chand U and Tseng T Y 2014 Nanoscale Res.
Lett. 9 1

Liu X, Ji Z, Liu M, Shang L, Li D and Dai Y 2011 Chin. Sci. Bull. 56
3178

Fedorov M 1973 Influence of the Doping on Conductivity and Photo-
conductivity of the Phthalocynanine (Ph.D. thesis, Institute of Chemi-
cal Physics, Chernogolovka, Moscow, Russia)

Debe M and Kam K 1990 Thin Solid Films 186 289

Gutman F, Keyzer H, Lyons L E and Somoano R B (Eds.) 1983 Or-
ganic semiconductors (Part B) (Malabar, Florida: Robert E. Krieger
Publishing Company)

Gutman F and Lyons L E (Eds.) 1980 Organic Semiconductors (Part
A) (Malabar, Florida: Robert E. Krieger Publishing Company)
Al-Mohamad A and Soukieh M 1995 Thin Solid Films 271 132
Neamen D 1992 Boston, MA 482

Brabec C J 2003 Organic Photovoltaics: Concepts and Realization
(Springer)

Briiting W 2006 Physics of Organic Semiconductors (John Wiley &
Sons)


http://dx.doi.org/10.1016/j.progpolymsci.2008.08.001
http://dx.doi.org/10.1016/j.ssc.2010.12.002
http://dx.doi.org/10.1016/j.ssc.2010.12.002
http://dx.doi.org/10.1002/adma.v26.4
http://dx.doi.org/10.1002/adma.v26.4
http://dx.doi.org/10.1002/adma.v24.21
http://dx.doi.org/10.1002/(ISSN)1521-4095
http://dx.doi.org/10.1002/adma.200602564
http://dx.doi.org/10.1038/am.2012.32
http://dx.doi.org/10.1016/j.orgel.2013.01.027
http://dx.doi.org/10.1016/j.orgel.2013.01.027
http://dx.doi.org/10.1002/(ISSN)1616-3028
http://dx.doi.org/10.1007/s10661-007-9898-5
http://dx.doi.org/10.1186/1556-276X-9-1
http://dx.doi.org/10.1186/1556-276X-9-1
http://dx.doi.org/10.1007/s11434-011-4695-5
http://dx.doi.org/10.1007/s11434-011-4695-5
http://dx.doi.org/10.1016/0040-6090(90)90148-7
http://dx.doi.org/10.1016/0040-6090(95)06904-6

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusions
	References

