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Abstract

This thesis is a study of the electrical characteristics of bistable memory devices. for organic
single layer structure and organic-inorganic trilayer structure. The bistable devices were prepared
by thermal evaporation technique and the clectrical characteristics of the device were
investigated. The electrical properties of the bistable device exhibit two clectrical states as low
(OFF state) and high (ON state) conductivity with ON/OFF current ratio approximately 10°-10".
For the single layer structure, copper phthalocyanine (CuPc) layer was deposited at different
deposition rate. Structural parameters such as the crystalline size of CuPe films and dislocation
density can be calculated from XRD spectra. The devices at high deposition rate clearly show
electrical bistable behavior. The ON/OFF current ratio of the device increases with increasing the
deposition rate of CuPc layer. It is found that the defect in the CuPc layer plays a critical role of
carrier trapping and de-trapping in the device. In case of the organic-inorganic bistable devices
based on tris-(8-hydroxyquinoline) aluminum (Alq,) and zinc selenide (ZnSe) with the trilayer
structure of Alg,/aluminum (Al)/ZnSe. The devices showed a current bistability due to the
existence of the Al middle layer, indicative of charge storage in the Al layer. In case of the
organic-inorganic trilayer structure, the ZnSe layer may be led to improve the lifetime property of
the bistable device which acted as a self-encapsulating layer. The conduction mechanism in both
ON and OFF states of the bistable device was analyzed by theoretical model, which can be
proposed as a possible thermionic emission, ohmic conduction and trap center of the carrier
trapping and de-trapping process by structural defects in active layer. For a flexible organic-
inorganic bistable device, the device showed. bistable switching behavior. To explore the

influence of bending on flexible device performance, the substrates were bended during

111



operation, up to a convex and concave distance of 34 mm. Moreover. the organic-inorganic
bistable device was kept at one year in ambient condition without encapsulation. The device still

exhibited the electrical bistable behavior.

Keywords: Organic memory, Bistable device. Switching mechanism
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Cell Element Type Non-volatility Retention Time
MRAM Non-volatile > 10 years
Phase Change Memory Non-volatile > 10 years
ITIRor IDIR[A] Polymer Memory Non-volatile > 10 years
Molecular memory Non-Volatile > years
Insulator Resistance Change Memory Non-Volatile > years
DRAM Volatile ~ seconds
ITIC[A] ;
FeRAM Non-volatile > 10 years
FB DRAM Volatile < seconds
Flash Memory Non-volatile > 10 years
SONOS Non-volatile > 10 years
1T [A] . -
Nano Floating Gate Memory Non-volatile > 10 years
Engineered Tunnel Barrier Memory Non-volatile > 10 years
FeFET Memory Non-volatile > years
. SRAM Volatile large
Multiple T [A] ;
STTM [B] Volatile small

[A] ITIR-1 transistor-1 resistor IDIR-1 diode-1 resistor 1TIC-1 transistor-1 capacitor 1T-1 transistor FB DRAM-floating body
DRAM FeFET-ferroelectric FET Multiple T-multiple transistor SONOS-silicon/oxide/nitride/oxide/silicon

[B] STTM-scaleable 2-transistor memory



4 % ) 7| ' o = A Y ; ]
ﬂ]’ik‘lﬁ 2.2 G]’J@UN"’UENLWF\IHIﬂUﬂU’JUﬂJWN%'I"]fuﬂWN S UAZANUABINIIATTAVDIAINI

monnuaz v [14]

=l alon Polymer or
Nano-floating Ferroelectric Resistance NN
Gate Memory FET Memory Change e
Memory
Memory 3
lanization on a .
Storage Mechanism Cha.rge on ferroelectric Mulup]e Not known
floating gate : : mechanisms
gate dielectric
Cell Elements IT IT ITIRor IR ITIRorIR
1 M-I-M
2 Solid
1 Nanocrystal . Electrolyte
Device Types 2 Direct ;ﬁzi\;::;;fr 3 FE unneling | M-I-M (nc)-I-M
tunneling = 4 FE Schottky
diode
5 FE-I-FE
Minirgef <I5ns “15ns <15 ns <15 ns
required
Read Time Best projected 25ns 25 ns <10 ns <10 s
Demonstrated 20 ns 20ns 2 ms ~10 ns
Minimum Wl T0 mb Apphcaton Application Application
required : dependent dependent dependent
W/E time Best projected 1 ps/10 ms 25ms <20 ns Not known
W: 1-10 ps
5( S
Demonstrated E-10-100 ms 500 ns 25 ns <10 ns
Minimum
" >0y /
o o >10y 10y >10y >10y
Retention Time Best projected >10y >ly >10y Not known
Demonstrated >200 hours 30 days ly 6 month
pACT >1E5 >1ES >1ES >1ES
required
Write Cyeles Best projected >1ES >3E16 >3E16 >3El6
Demonstrated >1E4 ~1EI2 ~1ES ~1Eb
Minimum Application Application Application Application
Wiits Oeraiing Nee required dependent dependent dependent dependent
(V) Best projected 3V <09 V <05V Not known
Demonstrated +6 V 6V 024V ~2 'V
\{iniipie 25V 23V 25V 25V
: required
Read Operating Voltage
(V) Best projected 0.7V 0.7V <02V ~I'V
Demonstrated 2.5V 2.5V 02V ~1V
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! h / 2 / h
AIAIDN(50nm)/Al(20nm)/AIDN Bictable / ;
(50nm)/Al ON/OFF ratio: ca. 10°
3(3L) NC, Electric-field
=N W(3V)-R(1V)-E(-0.5V),
[12] NC/Q )\NHz induced
Switching time: ca. 10ns
o, polarization
AN50nm)/NPB(50nm)/Al(5nm)/
NPB(50nm)/A{50nm) Multi-stable,
3@3L) : — i
CC Q NDR model: | ON/OFF ratio: ca. 10
18] Sety
< W g :§;> charge trapping
Vi < §
NPB
Bottom ] 6
j ON/OFF ratio: 10-10
electrode(50nm)/Alq3(50nm)/embed
ded metal(5nm)/ The materials of bottom
s Multi-stable,
Alq3(50nm)/Al(50nm) electrodes and embedded
3(L) | B&off plectrodes”AL Cr, Cu, ITO, NDR model; i S
metals were insensitive to
[19] Au, Ni charge trapping
Embedded metals:Mg, Ag. \ { N memory performances
Al Cr, Au, CuPe § \~~>~>—o except for Au embedded
v Sy
] layer that was shorted.
Alg3
Al/Au-DT+8HQ+PS(50mm)/Al Bistable / .;
2 (1L)- | Weight ratio: Au-DT:8HQ:PS=1:1:3 | ON/OFF ratio: up to 10
Electric-field
blend : y Switching time: 25 ns
PP e e @ ‘Y’ | induced charge
[20] N W(5V)-R(1V)-E(-2.3V)
i = transfer
7 2 ICuTC
ITO(300nm)/Al,03(20nm)/Cu:TCN Bistable/Redox
1(1L) Q(1:1,50-300nm)/Al(100nm) \
= reactions of ON/OFF ratio: ~ 10°
[21] = =
Nehpie L S molecules
TCNQ
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Write-once read
Al/Au-2NT+PS(50nm)/Al many-times z
2 (1L)- I e A ONT PS=1-2 ON/OFF ratio: up to 10
Weight ratio: Au-2NT:PS=1:3 (WORM)/
blend Write-once-read-many
Electric-field
[22] SH device
INT induced Charge
transfer
Al/(PVP+Cgp, 30nm)/Al
5 wt.% Ceo ON/OFF ratio: up to 10
2 (1L)- Switching time: ~ 30 ns
’ Hysteresis-type /
blend ey W(2.5V)-R(1.5V)-E(~
. " Not addressed
[17] [ 3V) State retain time: >
N
OH lhr
PVP Cso
Al(80nm)/(PANI-nanofiber+Au-
NEFVES R (R Bistable, NDR/ | ON/OFF ratio: up to 10’
2(1L)- | Weight ratio: PANI-nanofiber/Au-
e niloth 1
tlend | | NP composite PVA=115 Electric-field Switching time: 25 ns
induced Charge W(4.8V)-R(1.2V)-E(—
[23]
(OO | P
PAN@ra!dme Base) 7
Anode metal/Alq3(100nm)/Al Bistable / Charge
2 (1L)-
Anode metals:Al, Au, ITO Induced :
blend ON/OFF ratio: ~ 10°
(Au/Alq3/Au device did not show | conformational
[24]
any switching behavior) change
ON/OFF ratio: 10°-10’
Bistable /
Threshold voltages were
1(1L) Nanofilamentary
Al/Pentacene(150-1000nm)/Al observed as an linear
[25] Metallic
dependence of pentacene
pathways
thickness
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Al/copolymer PKEu(50nm)/ITO
ON/OFF ratio: up to 10°
g My 2
Nox Yin Bistable / Charge Switching time: 20 ps
1(1L) -
7 i [ sJ | Transfer (donor- | W(-4V)-R(0-4V)-E(4V)
[ 1 6] 2 _.'7.,0_
=0~ o acceptor system) Achieved 106 cycles
S\\ _N' N._ CFS
Q@—} OFF state retain: 3hr
copolymer PKEL: Xy=0.987-0.013
Al/copolymer PVK-Cgo(50nm)/I1TO
=S\ ;
2(1L)- 0 NA Bistable / Charge | ON/OFF ratio: up to 10’
a ! /]
blend 2 '/H Transfer (donor- Switching time: 20 ps
%gz_g )l ¢ HZ_C YE n
[26] ~ ~ acceptor system) | W(-2.8V)-R(-1V)-E(3V)
PVK-C
copclymer xy=0890011
_ ON/OFF ratio: 10°-10’
Al/Pentacene(50-800nm)/Al(15- Bistable /
- Threshold voltages were
3 (3L) 20nm)/Pentacene(50-800nm)/Al Nanofilamentary
LY observed as an linear
[25] @m Metallic
R aV) dependence of pentacene
pathways
thickness
ITO/fluorescent dye doped .
: Multi-stable, ON/OFF ratio: up to 10°
1+2 NPB(200nm)/Ag Fluorescent )
NDR and the W(-10V)-R(5V)-E(15V)
(1L) dyes: DCJTB, rubrebe, and
doping dyes / Achieved 106 cycles In
[27] C545T (each 3% coevaporation
Charge trapping air operation
with NPB)
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Auger Process X-Ray Process
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Abstract. In this paper, the conduction mechanism in organic bistable memory device was
investigated by both experimental and theoretical method. The current voltage (J-V) characteristics
showed the electrical bistable properties between an initial low-conductivity state and a high-
conductivity state upon application of an external electric field at room temperature. The current
transition exhibited a very narrow voltage range that causes an abrupt increase of current. The on-
state and the off-state were proposed by space-charge-limited current and thermionic emission
model, respectively. That supported by the experimental data to explained the charge transfer
mechanism in organic memory device.

Introduction

Organic memory devices have attracted great attention due to many advantages such as high on/off
ratio, high switching speed and simple fabrication process [1-5]. In addition, it can be made into
flexible form on plastic substrate [6]. The basic feature of a memory device is to exhibit bistable
behavior having two different conductance states at the same applied voltage. Yang et al. have
demonstrated memory effects in a single metal layer embedded between two organic layers with Al
electrode [7-9]. During the=device operation, when applied voltage exceeds a certain value, the
device suddenly switches from a low conductivity (off-state) to a high conductivity (on-state)
[10-12]. Although the superior performance of organic memory devices, the charge transfer
mechanism in the on and off states for bistability are not understood clearly.

In this paper, we informed the electrical properties and the charge transfer mechanisms of
organic memory devices made of a single metal layer embedded between two organic layers. The
bistable memory device have been studied by varying the organic layer thickness and fixed the
metal layer thickness. The charge transfer mechanisms are studied by /- measurement and it can
be analyzed in term of theoretical models.

Experimental

A schematic diagram of the organic memory device is shown in Fig. 1. Devices with the structure
of bottom electrode/tris-(8-hydroxyquinoline)aluminum (Alqgs)/metal/Algs/top electrode were
fabricated on glass substrate using thermal evaporation technique in high vacuum systems. Prior,
the glass substrate was cleaned with a following procedure including sonications in deionized water,
acetone, methanol, isopropanol at room temperature for 15 min and dried with nitrogen gas,
respectively. After that, the glass substrate was bake at 120°c for 15 minute and using oxygen
plasma to clean residual contaminant. An Al bottom electrode with a thickness of 50 nm was
evaporated onto the glass substrate. The first Alq; layer was thermally evaporated at 1 AJs.
Subsequently, the middle Al layer has a thickness of 5 nm, evaporated at 1 A/s. Next, the second
Alq; layer was thermally evaporated at 1 A/s. Finally, Al top electrodes were deposited by thermal
evaporation process with thickness of 50 nm and through a shadow mask in a direction
perpendicular to the bottom electrodes. All the depositions were carried out under the vacuum

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 161.246.254.167-07/04/10,13:13:30)
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system about 2x10® mbar at room temperature. The J-V characteristics were measured by a
precision LCR meter (Agilent E4980A) and the chemical compositions of the middle Al layer were
characterized by auger electron spectroscopy, AES (Hitachi PHI 700).

Al Electrode

Alg
Metal layer Al Eloc

{a) |

Fig. 1. The structure of an electrical bistable device (a) and the chemical structure of Algs (b).
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Fig. 2. Current density-voltage (J-F) curves for the Al/Alqs/metal/Alqs/Al device.

Figure 2 shows typical J-V curves for the organic bistable memory device. When thickness of
organic layer increases the device injection current decreases whereas the threshold voltage
increases. The device exhibited a low current at small bias, which is defined as the off-state. In
curve (1), the current densities of the off-state under applied voltages of approximately 13-420
nA/cm’. At the applied of threshold voltage [curve (2)] shows a rapid increase in the injection
current at about 460-990 pA/cm’, indicative of a transition from a low-conductivity to a high-
conductivity state, which is defined as the on-state. This transition serves as the writing process for
the memory device. After the device changes from the off-state to the on-state, the device remained
in that state even after the applied voltage was removed, as shown in Fig. 2 curve (3).

The experimental J-V curves were fitted to investigate the charge transfer mechanisms in the
organic memory device. The classical non linear conduction mechanisms including Schottky
emission, Thermionic emission, Pool-Frenkel emission, Fowler-Nordheim quantum tunneling and
space-charge-limited current were adopted to fit the nonlinearity of the measured J-V relation. For
- the off-state, it was found that the thermionic emission (TE) has the best fit, as described by Eq. 1
[13]. A linear relation was observed betwyeen In / and V' as show in Fig. 3(a).
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Fig. 3. J-V curves of the AI/Alq:/Al/Alqs/Al devices in the (a) off-state and (b) on-state. The
scatters are experimental data, and the straight lines are the fitting using theoretical models.

The J-V characteristics of organic bistable memory device depend critically on the electronic
state at the Al/Alg; interface. Charge injection at low applied bias is primarily due to thermal
emission of charge carriers over the interface potential barrier when the barrier is not too high for
thermal injection [14]. In present study, an asymmetric electrode structure (Al electrodes) is used
for the fabrication of the devices. The work function of Al (Algs/Al) is 3.3 eV. The energy of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of
Algs (Algs/Al) are 5.5 and 2.7 eV, respectively. Wang et al. have been reported about the barrier
height for electron injection (# ) between Algs/Al interface [15]. Wherein, 7 is temperature, & is
the dynamic permittivity of the Algs. ¢ is the electronic charge, % is Boltzmann constant and d is the
film thickness. For in the region of the on-state, the J-F curve can be fitted by the space-charge-
limited current (SCLC), as described by Eq. 2 [13]. Wherein, # is the mobility of carriers. A linear
relation was observed between log 7 and log ¥, as show in Fig. 3(b).

]« T?exp = Al k;;“V/f%ndsi) - (1)
985#V2
fder )

In this case, the concentration of free electrons will be rising due to carrier injection greatly
exceeds the equilibrium concentration in the film [16]. The intermediate region of on and off state
represents the transition between TE and SCLC behaviors, providing information about the trap
distribution in the film. Electron traps formed by defects in middle Al layer, such defects comes
from aluminumoxide [17-21]. That can be confirmed by auger electron measurement (not show
here) and the AES spectra inform the surface was composed of aluminum and oxygen.
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Conclusions

The organic bistable memory devices were demonstrated in this work. It is found that the J-V
characteristics of the devices at room temperature showed electrical bistability. When thickness of
Algs layer increases the device injection current shows decrease whereas the threshold voltage
increases. The SCLC and TE model is proposed to explain the J-V behavior in this organic memory
device. The experimental results fit the theoretical prediction quite well.
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We present that the electrical bistability in organic-inorganic bistable devices based on tris-(8-
hydroxyquinoline) aluminum (Alqs) and zinc selenide (ZnSe) with the tri-layer structure of Alqs/
aluminum (Al)/ZnSe. The current—voltage characteristics of the bistable device exhibit two electrical
states as low (OFF state) and high (ON state) conductivity with ON/OFF ratio about four orders of
magnitude. The conduction mechanisms in both ON and OFF states were analyzed by theoretical model.
In the OFF state, the conduction mechanisms can be explained by thermionic emission model, which the
ON state can be described by ohmic conduction model. The retention times of both states are more than
8000 s, and the device can reproduce continuous write-read-erase-read switching cycles. Moreover, for
the organic-inorganic bistable device was kept at one year in ambient condition without encapsulation.
The device still exhibited the electrical bistable behavior. Consequently, the ZnSe layer may be led to

Bistable device
Memory characteristics

improve the lifetime property of the bistable device which acted as a self-encapsulating layer.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the past decades, several works have been done in the
field of organic semiconductor electronic devices such as light
emitting diodes, field effect transistors and solar cells [1-3], etc.
There have shown great potential towards future technologies.
One of their, interest in organic bistable devices (OBDs) has rapidly
increased due to promise of a next-generation memory device.
The major advantage of OBDs has been studied intensively
because of their merits of simple device structure, simple fabri-
cation process, low power and low cost. Thus, there have been
many studied about organic bistable devices and most of the
works were focused on developing organic bistable devices with
a high ON/OFF ratio and a long-term stability [4—8]. Typically, the
OBDs have been reported in the organic/metal/organic structures
[9—12]. However, in contrast to inorganic semiconductors, organic
materials have the slow mobility of carriers and strong chemical
interaction between two compounds, which prevents the injection
of charges into organic. For the organic-inorganic structures to

* Corresponding author. Electronics and Control System for Nanodevice Research
Laboratory, College of Nanotechnology, King Mongkut's Institute of Technology
Ladkrabang, Chalongkrung Road, Bangkok 10520, Thailand.
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combine the comparatively good transport properties of semi-
conductors is one of the potential candidates to improve the
capability of the device [13]. Additionally, it has been reported
about the bistable device with organic-inorganic structures that
were consisted of organic layer containing nanoparticles or
corefshell nanoparticles blended and this device required precise
control of synthesis conditions [5,14,15]. Tris-(8-hydroxyquinoline)
aluminum (Alqs3) is a popular organic semiconductor material that
widely used in organic electronic applications such as organic light
emitting diode (OLED), OBDs, etc. While zinc selenide (ZnSe) is
a wide-band-gap inorganic semiconductor that has been well
known as blue-green wavelength applications for optoelectronic
devices. Additionally, ZnSe can be used as an electron transport
layer, buffer layer and cap layer in OLEDs and single quantum well-
like structure [16—18]. Besides, reports about the use of ZnSe as
the passivation layer had ever been presented also [19].
While considering the electronic properties of the ZnSe [20], it is
possible to use the ZnSe layer to improve the bistability property
of the OBDs.

In this paper, we report on the growth of the organic-inorganic
bistable device with tri-layer structure (Alqs/Al/ZnSe). The elec-
trical characteristics of the organic-inorganic bistable device were
investigated by current—voltage and capacitance-voltage
measurements. The conduction mechanjsms in the bistable
device can be explained by theoretical model.
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2. Experimental

Chemical powders used in this work were obtained from Aldrich
Chem. All layers of the device were deposited by thermal evapo-
ration technique at base pressure about 2 x 10~% mbar. Prior to
deposition, glass substrate was cleaned with a following procedure
including sonication in de-ionized water, acetone, methanol, iso-
propanol for 15 min and dried with nitrogen gas. Schematic
diagram of tri-layer structure of the organic bistable device and
organic-inorganic bistable device are shown in Fig. 1(a) and
Fig. 1(b), respectively. To study the effect of thickness of middle
aluminum layer on properties of the organic bistable device, the
thickness of middle aluminum layer was varied from O nm to 20 nm
(at a fixed thickness of Alqs at 100 nm). Furthermore, to investigate
the organic-inorganic bistable device with the structure of Alqz/Al/
ZnSe by fixed the thickness of Algs and Al layer at 100 nm and 5 nm
and varying the ZnSe layer thickness from 50 nm to 150 nm. The
film thickness and growth rate of all layers were measured by
a quartz thickness controller (Inficon XTC/2). The growth rates of
Algs, Al middle layer, and ZnSe were controlled at 0.1, 0.01, and
0.1 nm/s, respectively. The substrate temperature was kept at room
temperature. The 50 nm thick Al was used as the top and bottom
electrode with 2 mm-wide. Therefore, the device had a cross-
sectional area of 4 mm? The current—voltage (I-V) and
capacitance-voltage (C-V) characteristics were measured by
a precision LCR meter (Agilent E4980A) under a dark condition.
Surface morphology of the Al middle layer was investigated using
an atomic force microscope (SPA400-Seiko) in non-contact mode.
The cycling endurance times and the retention measurement were
performed by a source meter (Keithley 2410) with the voltages for
writing, reading, and erasing at +2 V, +1V, and -2 V, respectively.

3. Results and discussion

Fig. 2 shows the I-V characteristics for the organic bistable
devices with different thickness of the middle Al layer. The char-
acteristics of the device without middle Al layer, is also shown for
comparison. For tri-layer devices, when the applied voltage
reached a threshold value (curve two), the current abruptly
increases by several orders of magnitude, which the value of
threshold voltage (V) is in the range of +2.1 V to +2.5 V. The ON/
OFF current parameters of the organic bistable devices are
summarized in Table 1. The maximum ON/OFF current ratio of the
5 nm thick middle Al layer is about 2.09 x 10° at read voltage
of +1 V. While the thickness of the Al layer is increased, the ON/OFF
current ratio goes down as a consequence of the phenomenon of Al
nanoclusters in the Al layer joined with the neighbor of Al nano-
clusters [21]. In case of single layer device, the device exhibits
bistable properties as shown in the inset of Fig. 2. The ON/OFF
current ratio of this device has a small value. That may be resulted
from the mechanisms at the interface, which Al nanoparticles are
incorporated in organic layer by the migration process during the
evaporation of the top electrode or a native oxide layer at the
interface between the organic layer and Al electrodes. It was

layer

Fig. 1. Schematic illustration of (a) the organic bistable device and (b) the organic-
inorganic bistable device.

Al layer 1
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Fig. 2. I-V characteristics of the Alqs;(100 nm)/Al/Alqs(100 nm) device with different
thickness of middle Al layer.

already reported that bistability in organic memories is due to the
presence of metal migration and a native oxide layer [21—-25]. Tu
et al. [26] reported the reproducible bistable resistive switching
characteristics of Alqgs single layer with Al top and bottom elec-
trodes, the switching phenomenon of the memory device is
explained on the basis of filament theory. However, the switching
behaviors of our devices clearly depend on the thickness of middle
Al layer, which is based on a charge stored mechanism [27—32]
more than the effect of an interface between the organic layers
and Al electrodes, because Al electrodes of both tri-layer and single
layer structures are grown in same conditions. It has been experi-
mentally confirmed that the nanoclusters in middle Al layer play an
important role in the switching process of the bistable device. The
Al nanoclusters consisted of an Al core and the thin oxide shell,
which produced by the chemical reaction with residual oxygen gas
during the deposition process. Pyo et al. [28] and Reddy et al. [29]
have clearly reported an x-ray photoemission spectroscopy (XPS)
measurement, which confirmed the formation of oxide shell. The
electronic transition of devices had occurred due to the field-
induced transfer of charge carriers between Alqgs to the aluminum
core of Al nanoclusters. When the applied electric field is high
enough, the electrons on the highest occupied molecular orbital
(HOMO) of Algs may gain enough energy, and it can be tunneled
through the aluminum oxide shell into the aluminum core and
stored at both sides of the Al nanoclusters layer. The stored charge
in nanoclusters enabled the adjacent organic layers to undergo
a conductance change. Fig. 3 shows the size distribution and the
surface morphology of Al nanoclusters middle layer with thickness
of 5 nm. It is found that the nanoclusters size varies between about
5 nm and 30 nm. To determine the chemical composition of Al
nanoclusters middle layer, an Auger electron spectroscopy (AES)
was used, as shown in the inset of Fig. 3. The AES spectraindicating
that it was composed of Al and oxygen.

Table 1
Summary of -V characteristics of Alq*(100 nm)/Al/Alq*(100 nm) device with
different thickness of middle Al layer.

Thickness (nm)~ lore (A) lon (A) lon/lorr

0 3.80 x 107° 475 x 107 1.75

5 5.60 » 10 ° 117 »10° 209> 10° \
10 322107 432 x10° 1.34 x 10°

15 336 x 10°° 2.07 x 107 61.60

20 329 » 1074 4.66 » 1074 1.42
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Fig. 3. Size distnbunion of the middle Al layer of thickness 5 nm. inset: the surface
morphotogy and the AES spectra of the middle Al layer.

The I-V characteristics of the organic-inorganic bistable devices
with different thickness of the ZnSe layer are shown in Fig. 4. The
ON/OFF current ratios (at +1 V) of the bistable device at the
thickness of ZnSe layer 50 nm, 100 nm and 150 nm are 647 » 103,
141 x 10% and 2.10 x 103, respectively. The device exhibited optimal
ON/OFF current ratio at 100 nm thick ZnSe layer. Fig. 5 shows the I-
V characteristics with applied forward and reverse bias of the
structure with 100 nm thick ZnSe layer. At the initial state, curve
one shows the OFF state current under applied voltages between
0V and +2 V which in the range of approximately 0.83 nA-0.54 pA.
At the applied voltage about +2 V (curve two), the current abruptly
changed from 0.54 pA to 0.28 mA, that indicative of a transition
from the OFF state to the ON state of the memory device. This
transition serves as the writing process in the device. In the ON
state, the device remains in high conductivity with current
between 5.3 pA and 0.28 mA (curve three). The ON state could be
returned to the OFF state by applying a negative bias around -2 V
(curve four and five), which is erasing process. Therefore, the effect
of ZnSe layer was proposed to account for the electrical bistable
behavior of the organic-inorganic bistable devices. It is well known
that both Algs and ZnSe are the electron transport materials. The
electronic structure of conduction and valence bands of ZnSe have
been reported to be at —4.1 and —6.8 eV [33] below the vacuum

Current (A)

ZnSelayer 1
—C— 50 nm
—— 100 nm
—4— 150 nm

0 1 2 3
- Voltage (V)

Fig. 4. [-V characteristics of Alq3(100 nm)/Al(5 nm)/ZnSe device with different thick-
ness of ZnSe layer.

Current (A)
=)

Voltage (V)

Fig. 5. I-V characteristics of the Alq;(100 nm)/Al(5 nm)/ZnSe(100 nm) device.

level. The lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) levels of Algs; are at -3.1
and -5.7 eV [1], respectively. From the configuration and the
energy band diagrams, when compared with the energy band of
Alqs and ZnSe material, the LUMO or electron affinity level of Alqs is
less than the conduction level of ZnSe, whereas the conduction
level of ZnSe is close to the work function level of Al electrode more
than the LUMO level of Alqs. Thus, the energy barrier for electron
injection from the top electrode into ZnSe layer is smaller than the
Algs layer. Hence, when a positive voltage is applied, electrons
easily injected from the top Al cathode into the ZnSe layer and
transported through to the Al nanoclusters layers. Therefore, the
ONJ/OFF current ratio of the organic-inorganic bistable device is
higher than the organic bistable device while the threshold voltage
is lower. That is to say, the barrier potential of the interface plays
a critical role of carrier injection in the device. After the electrons
tunneled through the oxide shell into the Al core and there were
captured in the Al core, which corresponds to a low conductivity
state of the device. In case of the applied bias had been large
enough (V > Vqp), the traps were filled and the device could be
changed to a high conductivity state. When a negative voltage was
applied, the electron that was captured in the Al nanoclusters will
be released into the ZnSe layer and transported to the electrode.
Then, the erasing process was performed.

To get more understanding of the conduction mechanism
through the device in both ON and OFF states, the conduction
mechanism of the organic-inorganic bistable device was also
investigated by theoretical charge transport model. The fitting data
of the I-V curves for the devices were performed by the thermionic
emission (TE) and ohmic conduction model [34—36]. In the region
of applied bias voltage between 0 V and +2 V, the I-V curve can be
well fitted by the TE conduction mechanism [34—37], the linear
dependence of In(I) versus V12 as shown in Fig. 6(a). This suggested
that the OFF state current was probably controlled by charge inject
from the Al electrode and expressed in the term of measuring
current that does not depend on applied voltage [38]. When the
device was switched to the ON state, the slope of all curves is close
to 1 (coefficient of determination; R? = 0.998) as shown in Fig.6(b)
and Fig. 6(c). Therefore, the conduction mechanism of the ON state
exhibited an ohmic conduction behavior [34]. Thus the ohmic
process for the device may be related to the tunneling state which
formed by the Al nanoclusters in the Algs/ZnSe layer.

To study the effect of temperature on the bistability character-
istics in the organic-inorganic bistable device, I-V characteristics at
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Fig. 6. I-V curves of the Alqs(100 nm)/Al(5 nm)/ZnSe(100 nm) device in (a) the OFF
state, (b) the ON state and (c) the negative bias on both states. The scatters are
experimental data, and the straight lines are the fitting using theoretical models.

different temperatures had performed. Fig. 7 shows the I-V char-
acteristics of the Alq3(100 nm)/Al(5 nm)/ZnSe(100 nm) structure at
the different temperatures. The current ratio of the device
decreases with increasing temperature and the current in the OFF
state shows strong temperature dependence while the temperature
did not affect to the current in the ON state. The thermally activated
conduction may be due to the TE of charge carriers. In the OFF state,
the I-V characteristics of the organic-inorganic bistable device
depend critically on the electronic state at the metal-
semiconductor interface. Charge injection at low applied bias is
primarily due to thermal emission of charge carriers over the
interface potential barrier when the barrier is not too high for

—o— 288K

—o— 333K

—2—353K ]

—=— 373K

4 3?3 K

0 1 2 3
Voltage (V)

Current (A)

Fig. 7. Temperature dependence of I-V characteristics of the organic-inorganic bistable
device based on the Alq3(100 nm)/Al(5 nm)/ZnSe(100 nm) structure.

thermal injection. The TE current over the barrier depends on the
modified energy barrier which modified by the image force and
temperature [38]. <

The C-V characteristics of the organic-inorganic bistable device
are shown in Fig. 8. The device was performed with AC signal
voltage at a frequency of 100 kHz and amplitude of 50 mV with
forward and reverse bias voltage from 0 V to +2.3 V and +2.3V
to —2.3 V, respectively. At the curve one, the device exhibited
constant capacitance values while the applied voltage was less than
the V. When the voltage exceeded its Vrj, at +1.8 V, the capaci-
tance of the device rapidly decreased and remained at a constant
value. In case of reverse bias, the device capacitance abruptly
increased to 15 nF at —1.7 V. These changes of the capacitance
occurred at the same switching voltage value in the I-V character-
istics. The variation of capacitance in the device might be ascribed
to the generated charges and the trapped charges in the Al nano-
clusters layer. When the applied voltage was more than Vi, the
charge traps in the Al nanoclusters were filled and make it high
conductance. Consequently, the capacitance of the device is
reduced.

One of the promising applications of the organic-inorganic
bistable device is the bistable rewritable memory. That can be
represented in terms of stability and the memory retention ability.
Fig. 9(a) depicts the currents of the organic-inorganic bistable

16§

14

12

Capacitance (nF)

10

Volitage (V)

Fig. 8. C-V characteristic of the organic-inorganic bistable device based on the
Alq3(100 nm)/Al(5 nm)/ZnSe(100 nm) structure.
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Fig. 9. Electrical behavior of the Algs;(100 nm)/Al(5 nm}/ZnSe(100 nm) device, (a)
currents as functions of the number of cycles for the ON and OFF states at a read
voltage of +1 V and (b) stability of the device in either ON and OFF state under
a constant bias at +1 V.

device as functions of the number of cycles for the ON and the OFF
states. The electrical switching properties between the two
conductivity states of the device were performed more than 2000
times. The ON current exhibited a few decrease with the increasing
number of cycles at the first 800 cycles, and it was still higher than
three orders of magnitude than the OFF state current, together with
a rewriting capability, and it was quite stable. However, the fluc-
tuation of the ON current appeared after 800 cycles, it may be due
to the instability of material or material/electrode interfaces.

Moreover, the memory retention ability was performed by
leaving device in the ON and OFF state under ambient conditions.
The stability of the organic-inorganic bistable device under stress
was evaluated for a continuous applied bias. After a constant
voltage of +1 V has been applied to the device in the OFF and ON
state, the current was recorded at different times as shown in
Fig. 9(b). In the OFF state, the device retained its conductivity and
did not undergo the transition to the ON state. In addition, the
similar test was performed on the device in the ON state. It has been
found that the significant degradation of the devices in either the
ON and OFF state can’t be observed until 8000 s. The device
demonstrated good retention of the ON state.

Furthermore, it is interesting to note that the bistability prop-
erty of the organic-inorganic bistable device still exhibited when
the device was kept at the ambient condition without encapsula-
tion for one year. The I-V characteristic of this device is shown in
Fig. 10 (a). It is noteworthy that a shift of the position of minimum

kept at ambient condition for one year and (b) I-V characteristics of the Alg;(100 nm)/
Al(5 nm)/Alq3(100 nm) device after kept at the ambient condition.

current in the OFF state from positive voltage to negative voltage
that might be due to the non-uniform distribution of space charges
contained in the device. However, this shift disappeared when the
reverse bias sweep. Moreover, the I-V characteristics for the organic
bistable device after kept at the ambient condition without
encapsulation, as shown in Fig. 10(b). The inset of Fig. 10(b) shows
dramatically decreasing of ON/OFF current ratio after a few days. It
is found that the ON/OFF current ratio decreases rapidly after 3
days, and the bistable properties were not observed after 25 days.
Typically, Alqs is one of the most successful small organic molecules
ever utilized in organic semiconductor devices such as OLEDs,
OBDs, etc. But although it has been investigated extensively as far as
its chemical and physical properties are concerned. A film of Algs is
very sensitive to the atmospheric environment, and its properties
degrade in a matter of hours if it left unprotected [39]. For the
organic-inorganic bitable device with the top layer of a ZnSe inor-
ganic film, the ZnSe layer can be acted as an encapsulation layer of
Algs/Al-layer to protect the device from the atmospheric environ-
ment. Therefore, the organic-inorganic structure showed the
important characteristics of the bistable device for a candidate of
the practical memory device.

4. Conclusion

The effect of the Al nanoclusters layer on the performance of
Algs/Al/Alqs organic bistable device was investigated, that was
observed the bistability depend on the thickness of Al nanoclusters
layer. The electrical behavior of the organic-inorganic bistable
device with the structure of Alqs/Al/ZnSe has been revealed. The
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device exhibited two distinctive states of conductivity with the
maximum ON/OFF current ratio about 1.41 x 10 at low reading
voltage and the write-read-erase-read sequence results exhibited
the switching characteristics of the device. To understand the
behavior in the device, the conduction mechanism in the OFF state
can be proposed by the thermionic emission model. In case of the
ON state, the ohmic conduction model dominated carrier trans-
portation. Moreover, the conduction mechanisms of the device
were confirmed by temperature dependent current—voltage char-
acteristics. The influence of ZnSe layer on properties of the device
was observed. That can be ascribed by due to the conduction energy
level of ZnSe is close to the work function of Al electrode. Therefore
electrons easily injected and transported through to the Al nano-
clusters layers. In addition, the reliability of the organic-inorganic
bistable device can be demonstrated by kept the device at the
ambient condition without encapsulation with one year. However,
the devices still exhibited bistable behavior. So, the inorganic ZnSe
top layer may be led to improve the lifetime property of the device.
which acted as a self-encapsulating layer.
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ABSTRACT

Organic bistable memory device is a next-generation of the electrical memory unit. In this paper, we
report about the influence of structural properties on electrical bistable behavior of copper phthalocya-
nine organic memory device. Copper phthalocyanine (CuPc) layer was prepared by thermal evaporation
techmque at different deposition rates. When the deposition rate is increased. the film crystalline
decreases and the surface morphology gradually changes from large flat grain to fine grain structure.
Structural parameters such as the crystalline size of CuPc films and dislocation density can be calculated
from XRD spectra. Moreover, the effect of deposition rate of CuPC layer on the bistable properties can be
performed by current-voltage characteristics, retention measurement, impedance spectroscopy and tem-
perature dependence measurement. The conduction mechanism in both ON and OFF states of the bistable
device was analyzed by theoretical model, which can be proposed as a possible trap center of the carrier
trapping and de-trapping process by structural defects in CuPc layer. Furthermore, the reliability issue
such as cycling endurance and data retention is presented.

Conduction mechanism

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, several works have been done in the field of organic
semiconductor electronic devices such as light-emitting diodes,
field-effect transistors and solar cells [1-3], etc. There have shown
great potential towards future technologies. One of the promising
organic devices is the organic memory device. The electrical bista-
ble phenomenon of the metal-insulator-metal (MIM) diodes with
organic material as the insulator layer has been first reported by
Gregor in 1968 [4]. Interest in the organic bistable device (OBD)
has rapidly increased due to promise of a next-generation memory
device. The major advantage of OBD has been studied intensively
because of their merits of simple device structure, simple fabrica-
tion process, low power and low cost. The basic feature of an
OBD is to exhibit bistable behavior having two different conduc-
tion states at the same applied voltage. During the device opera-
tion, when applied voltage exceeds a certain value. The device
suddenly switched from a low conductivity state to a high conduc-
tivity state, with a conductivity difference of several orders of mag-
nitude. Since then similar phenomena have been observed in a
variety of organic materials and device structures [5-7], including
both polymer and small-molecule MIM devices [8,9], donor-
acceptor complex devices [10] and nanoparticle blend device

* Corresponding author at: College of Nanotechnology. King Mongkut's Institute
of Technology Ladkrabang, Bangkok 10520, Thailand. =
E-mail address: korakot.onlaor@gmail.com (K. Onlaor).

0038-1101/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.55€.2012.01.003

[11]. In addition, several mechanisms have been proposed to
explain the conductance switching such as formation of conducting
filaments [8,12], formation of charge transfer complexes [13]
charge-trapping-defect states inside the band gap [14] and change
of molecular orientation [15]. However, the switching mechanism
is still a matter of debate.

Phthalocyanine (Pc) is a class of organic semiconductor with
alternate single-double bond structure. Metallophthalocyanines
(MPcs) are planar phthalocyanine organic molecules associated
with one metal atom in the molecule’s center, and typically, the
central atom is one in the first row of transition metals such as cop-
per, cobalt and iron. The core structure of the MPc macrocycle was
formed by four isoindole units, which endows the molecule with a
two-dimensional conjugated m electron system [16]. The MPcs are
found to exhibit conductive properties. Therefore, an attempt has
been made to use the MPcs in electronic devices such as organic-
light emitting diodes (OLED) [17] and organic solar celis [18]. CuPc
is a member of MPcs family with the central atom as Cu?*. CuPcis a
dark-blue material. The CuPc has been interested for its gas sensing
property [19] and the schottky diode solar cells [3]. Many of these
applications are based on the electrical properties and detailed
understanding of the some requires an accurate knowledge of
molecular as well as crystal structures. Dependence of crystal
structure becomes more significant if the compound exists in more
than one crystalline modification. Depending on the preparation
parameters, the phthalocyanine films have been reported being
composed of many different polymorphs [20,21].
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Fig. 1. [-V characteristics of CuPc bistable device with different deposition rate of CuPc layer at (a) 0.01 nm/s, (b) 0.1 nm/s, (c) 0.5 nm/s and (d) 1.0 nmy/s.
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Fig. 2. XRD patterns of CuPc films deposited on glass substrate at fixed film thickness
of 100 nm for deposition rate of 0.01 nm/s, 0.1 nm/s, 0.5 nm/s and 1.0 nm/s.

Table 1
Structural parameters (crystalline size, dislocation density and lattice microstrain) of
the CuPc films deposited at different deposition rates with fixed film thickness of
100 nm.

Deposition rate (nm/s) D (nm)  d (10" linm 2) e (10 *lin"?m 2)
0.01 67.70 2.18 2.28
0.1 59.22 2.85 2.61
0.5 39.22 6.50 3.94
1.0 26.41 14.34 5.86

Here, we report on the fabrication of the CuPc bistable device
with MIM structure at different deposition rate of CuPc layer.
The electrical characteristics of the CuPc bistable devices were

investigated by current-voltage measurement. The influence of
deposition rate on the structural properties of the CuPc films can
be observed with X-ray diffraction pattern and surface morphology
measurement.

2. Experimental

The CuPc bistable device was glass/ITO/CuPc/aluminum (Al)
structure. Indium tin oxide (ITO) conducting glass with sheet resis-
tance of 10 /1 is used as a substrate. Prior to loading into evap-
oration chamber, substrates were cleaned using ultrasonic bath
of deionize water, acetone, methanol, isopropanol for 15 min and
dried with nitrogen gas, respectively. The CuPc powder used in this
work was purchased from Aldrich Chem. Co. (purity >97%) and
used without films adopted in this study are prepared by thermal
evaporation technique with a base pressure of 2 x 10 ® mbar for
both substrates. The deposition rates and thickness of CuPc films
were controlled and measured by a thickness controller (Inficon,
XTC2). The deposition rate was varied with 0.01 nm/s, 0.1 nm/s,
0.5nm/s and 1.0 nm/s, respectively, while the thickness of CuPc
films was fixed at 100 nm. For ITO/CuPc/Al devices structure, a
100 nm aluminum top electrode with 2 mm x 2 mm was prepared
on CuPc layer by thermal evaporation. Therefore, the device had an
area of 4 mm?. The device fabrication has been done in a 10 k-class
clean room. The crystalline structure of CuPc films was studied
using X-ray diffraction (XRD) technique (Bruker, D8 Explorer) with
Cu Ko radiation source (. =0.1542 nm). Surface morphology of
CuPc films was investigated using an atomic force microscope
(AFM), (SEIKO, SPA400), in non-contact mode. A precision LCR me-
ter (Agilent, E4980A) was used to measure the current-voltage
characteristics, impedance characteristics and to monitor the cur-
rent during the temperature-dependent measurement under a
dark condition. For the retention abilities and read/write cycles
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Fig. 3. AFM image of CuPc films at fixed thickness of 100 nm for different deposition rate of (a) 0.01 nmyjs, (b) 0.1 nm/s, (c) 0.5 nm/s and (d) 1.0 nm/s.

measurement, a Keithley 2410 was used, which was controlled by
the computer program.

3. Results and discussion

Fig. 1 shows the current-voltage (I-V) characteristics for the
CuPc bistable device with different deposition rate of CuPc layer.
The curve was swept by applying a bias voltage to the bottom elec-
trode (ITO) and grounding the top electrode (Al) with the varia-
tions of voltage across the device in a cyclical manner from 0V
to5V,5V to -5V and -5V to 0V. In case of deposition rate of
CuPc layer at 0.01 nm/s, the bistable properties were not observed
as shown in Fig. 1a. Interestingly, the I-V curve also shows hyster-
etic for deposition rate of 0.1 nm/s, 0.5 nm/s and 1.0 nm/s as
shown in Fig. 1b-d, respectively. At the initial state, the device ini-
tially had low conductivity state (OFF state). When the applied
voltage reached a threshold value, the current abruptly increases,
which the value of threshold voltage (V;,) about +4.5 V, as shown
in Fig. 1c and d. The voltage was then swept from +5V to 0V,
and the different high conductivity state (ON state) emerged. The
ON state was retained until the applied voltage reached -5 V. After
that, the CuPc bistable device switches OFF to its low conducting
state. The devices with high deposition rate clearly show electrical
hysteresis behavior, an essential feature of a bistable memory de-
vice. The ON/OFF current ratio of the device increases with increas-
ing deposition rate of CuPc layer. This indicates that the storage
capability of the device is significantly enhanced with an increase

in the deposition rate. The conductance switching was observed
with a maximum ON/OFF ratio ~100 at the reading bias of +3 V
for the CuPc layer prepared at deposition rate of 1.0 nmy/s.

For further analysis, XRD spectra were evaluated. XRD spectra
of the CuPc films at the different growth rates are shown in
Fig. 2. XRD pattern exhibits a polycrystalline nature, with the major
diffraction peak indexed and compared with the standard data in
the JCPDS-ICDD. The peak was observed at 20 = 6.95°, which corre-
sponds to the z-phase monoclinic CuPc in the (200) plane [22]. As
the deposition rate increases the position of the diffraction peak is
not changed, which confirm that the CuPc films have the same
crystalline structure. However, the intensity of peak decreases with
increasing the film deposition rate, whereas the full width at the
half maximum (FWHM) increases. The increase of FWHM can be
explained by the increase in the concentration of lattice imperfec-
tions, due to the decrease in the crystalline size. Table 1 shows the
calculated value of the crystalline size from XRD spectra (D), dislo-
cation density (8) and strain (&) for different deposition rate of CuPc
layer. The crystalline size from XRD spectra (D) was calculated
using the Scherrer equation [23],

L2
" pcos

(1

where 8 is FWHM, k is constant (with a value of 0.94), / is wave-
length of the X-ray radiation and 0 is the Bragg angle. The disloca-
tion density (J) defined as the length of dislocation lines per unit
value of crystal, that was evaluated using Williamson and Small-
man's formula [24],
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o= ﬁ (2)
The strain function (¢) in the films was calculated using the relation
[23],

A 1
gz(DcosO_ﬁ)(m) (3)

One can see from Table 1, the crystalline size from XRD was ob-
served to decrease, while the dislocation density and the strain in-
creased with increasing deposition rate. Typically, stress also
occurs in the film due to the lattice misfit. Nevertheless, the stress
has two components: thermal stress arising from the difference in
the expansion coefficient of the film and substrate, and internal
stress due to the accumulating effect of the crystallographic flaws
built into the films during deposition. The average stress of the
deposited films was found to be compression in nature. This
compressive stress is due to the grain boundary effect, which is

predominant in polycrystalline films [25]. Moreover, the deposi-
tion rate is an important growth parameter for crystalline structure
and morphology of the organic films; different deposition rates re-
sult from completely different morphology of the CuPc films.

The AFM images of CuPc films prepared at different deposition
rates were investigated. AFM is one of effective ways for the sur-
face analysis due to its high resolution and powerful analysis soft-
ware. Fig. 3 shows the comparison of surface morphology of CuPc
films formed on the glass substrate. It is known that a very low
deposition rate of organic molecules generally results in the much
larger grain size [26]. Similarly, the CuPc film prepared at deposi-
tion rate of 0.01 nm/s is found to consist of large crystal grains,
as shown in Fig. 3a. When the deposition rate is increased, the size
of crystal decreases and the morphology of the films gradually
changes from that of large-grains to fine-grains as shown in
Fig. 3b-d. To perform a quantitative comparison of the crystalline
size between AFM and XRD, the crystalline size from AFM was esti-
mated directly from AFM images by image processing software.
The CuPc films from AFM images at the deposition rate 0.01, 0.1,
0.5 and 1.0 nm/s have the crystalline size 66.89, 58.51, 40.68 and
28.27 nm, respectively. The changes of crystalline size from AFM
measurement are corresponding with the crystalline size from
XRD spectra in Table 1. It is established that metal atoms can mi-
grate inside the organic layer during the evaporation of a top elec-
trode, and such an interdiffusion increases if the surface of organic
film shows a larger grain size [27]. Actually. the metal migration is
one of the mechanisms to explain the resistive switching behaviors
[28]. However, the switching behaviors of our devices clearly oc-
curred on a high deposition rate of CuPc layer. Thus, the switching
mechanism of the CuPc bistable device might be mainly caused by
other mechanisms, which will be discussed later.

To explain the switching characteristics, the conduction mech-
anisms of the CuPc bistable devices with different deposition rate
were also investigated. Fig. 4a—c plot I-V curves, which switching
from OFF state to ON state in the positive voltage region, on loga-
rithmic scales in the ITO/CuPc(0.1 nm/s)/Al, ITO/CuPc(0.5 nm/s)/Al
and ITO/CuPc(1.0 nm/s)/Al devices, respectively. The relations for
all devices have the rather similar gradient. Accordingly, the cur-
rent depends linearly on the square of voltage, which corresponds
to Child’s law. When the applied voltage reaches to a V;, (+4.5V),
the current increases rapidly as clearly shown in Fig. 4b and
Fig. 4c. The conduction behavior in this system is consistent with
the space charge limited current (SCLC) mechanism [29]. The later
gradient in the OFF state may indicate the further filling of the
traps on the deep level [29,30]. The above observations demon-
strate that the conductive switching behavior of the CuPc bistable
devices involve the bulk trap-controlled SCLC mechanism as previ-
ously reported in various organic and inorganic materials [30,31].
Therefore, the carrier transport could be ascribed to a field-induced
arrangement of structural defects [14,32,33]. Structural defects
such as oxygen vacancies, dislocations and grain boundaries, which
are inevitable for the polycrystalline CuPc layer, act as trap centers
for charge carriers and cause the trap-controlled SCLC transport
behavior. Grain boundaries and dislocations make it easy for the
point defects to diffuse in a high electric field. It is also found that
the ON/OFF current ratio increases when the dislocation density
increases by increasing deposition rates, as shown in Fig. 4a-c.
For the case of V <V, some carriers are injected and trapped in
CuPc layer, which corresponds to a low conductivity state of the
device. In case of the applied bias had been large enough
(V> Vi), the traps were filled and the device could be changed to
a high conductivity state. When a negative voltage was applied,
the trapped carriers are released and neutralized by injected holes
and electrons. Then, the erasing process was performed. That is to
say, the defect in the CuPc layer plays a critical role of carrier trap-
ping and de-trapping in the device.
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function of reverse temperature of the device operated in OFF state at +3 V bias.

Further investigation of the transport mechanism is obtained
from temperature-dependent measurement with different deposi-
tion rate. The I-V characteristics of the device were performed at
various temperatures from room temperature to 423 K, as shown
in Fig. 5a-c. These measurements were actually performed to con-
firm the semiconductor nature of the state. The current of both
states increases with increasing temperature, whereas the current
ratio of the device decreases due to the current in the OFF state
shows strong temperature dependence. To investigate the mecha-
nisms of the memory characteristics caused from the trapping cen-
ter density in the CuPc layer, the conductivity of the CuPc bistable
device in the OFF state was measured with various temperatures.
The activation energy (E,) of the trapping centers could be deter-
mined from the Arrhenius equation expressed as followed [34];

ZE,
g = 0gexp ( T ) (4)

where the ¢ is the conductivity, o is the conductivity at 0K, k is the
Boltzmann's constant (8.617 x 10 °eV/K), and T is the absolute
temperature. Fig. 5d shows the Arrhenius plot which was obtained
from the calculation of the current value at +3 V bias. The activation
energy of the trapping centers of the CuPc bistable device at the
deposition rate of CuPc layer 0.1 nm/s, 0.5 nm/s and 1.0 nm/s are
0.060 eV, 0.148 eV and 0.174 eV respectively, was obtained from
the slope of the conductivity versus inverse temperatures. The ther-
mally activated conduction in the OFF state of CuPc bistable mem-
ories confirms that the material CuPc behaves semiconductor like
[35]. These findings together with the nonlinear -V curves indicate
a thermally activated hopping between isolated states as the dom-
inating mechanism for conduction in the device. This result indi-
cates that the current in the OFF state is not simply due to
conduction by metallic filaments, or tunnel transport, unlike what
is observed for polymer-based metal/polymer/metal cells [8].

Generally, the metallic filaments resulting from local fusing, migrat-
ing or sputtering of electrodes through the films [8,12,36,37] and
the metallic conduction nature of the state is increasing resistance
with increasing temperature [12]. Thus, experimental results sup-
ported that the memory characteristics of the CuPc bistable devices
were determined by the induced traps could be caused by defects in
the CuPc active layer.

In addition, we measured impedance spectra of the both ON and
OFF states of the CuPc bistable device prepared at deposition rate
of 1.0 nm/s. The complex ac impedance measurements were done
in Z-0, mode for a varying frequency (f), from 20 Hz to 1 MHz with
an ac drive bias of 50 mV. A constant dc bias was applied at read
voltage (+3 V) before and after writing voltage (+5V), superim-
posed on the ac bias. Cole-Cole plots of the measurements are de-
picted in Fig. 6, showing semicircles that can be described by
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Fig. 6. Impedance spectroscopy (Cole-Cole plot) of ON and OFF state of CuPc
bistable device measure at room temperature with a bias of +3 V. Scatters are the
measured data and lines are the fits with the equivalent circuit given in the inset.
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Fig. 7. (a) Switching reliability of CuPc bistable device for a “write-read-erase-read” sequence. (b) Demonstration of data readout in a write once/continuous read and an
erase once/continuous read operation (write/erase pulse width = 60 s, retention time >2 h).

equivalent circuit shown in the inset. In the RC circuit, Rs corre-
sponds to the series resistance; Rp and Cp are the resistance and
capacitance of the device. The values of Rp in the ON and OFF state
are 6.75 x 10% and 1.75 x 10°, respectively. The different semicir-
cles, about a factor of 26, which are similar to the differences mea-
sured in the I-V characteristics. This shows that the memory effect
is due to resistive switching.

One of the promising applications of the CuPc bistable device is
the bistable rewritable memory. Therefore, programming cycle
endurance measurement was performed for the ON and OFF states
by applying repetitive write-read—-erase-read cycles at room tem-
perature in darkness. The voltage pulses of the writing, the erasing,
and the reading processes are +5V (30s), -5V (30s), and +3 V
(0.3 s), respectively. We have achieved over 1000 switching cycles
in the CuPc bistable device at deposition rate of 1.0 nm/s, as shown
in Fig. 7a. The current in the ON state at the reading pulse is ob-
served at about 10 > A, whereas the current in the OFF state cur-
rents at the reading pulse are between 10 ®A and 10 %A.
However, the fluctuations of both states are appeared throughout
switching cycles, it may be due to the instability of material. More-
over, one of the key requirements for memory application device is
the retention ability. Reliability of the stored conductivity state is
studied for once write-erase/continuous readout. The width of
write/erase pulse is increased to 60 s for the stability of readout.
Fig. 7b shows the time dependence of the current corresponding
to the OFF and ON states, which show an exponential increase
especially after switching to the OFF state. That might be due to
a participation of slow solid state electrochemical processes. How-
ever, the results show that both states are stable for at least 2 h.
Therefore, the CuPc single layer structure showed the important
characteristics of the bistable device for a candidate of the practical
memory device.

4. Conclusions

The effect of the structural of CuPc films on the performance of
ITO/CuPc/Al bistable device was investigated, that was observed
the bistability depend on the deposition rate of CuPc layer. The de-
vice exhibited two distinctive states of conductivity with the max-
imum ON/OFF current ratio ~100 at reading voltage of +3 V. The
structural properties of CuPc films have been revealed. The degree
of crystallinity and the grain sizes of the CuPc are found to decrease
with increasing deposition rate, whereas the dislocation density
and strain increased. The carrier transport could be ascribed to a
field-induced arrangement of structural defects in CuPc layer. To

understand the behavior in the device, the conduction mechanism
in the device can be proposed by the SCLC model. Using the
Arrhenius equation, the energy level of the induced trapping
centers caused by the defects in the CuPc layer was calculated.
Reliability studies for once write-erase/continuous read operation
and write-read-erase-read endurance are presented. It is shown
that the stored conductivity state is rather stable and can be
reproduced. The cycling endurance number of ON/OFF switching
for the CuPc bistable device is above 1000.
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