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Bipolar resistive switching based on bis(8-hydroxyquinoline)
cadmium complex: Mechanism and non-volatile memory
application”
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Stable and persistent bipolar resistive switching was observed in an organic diode with the structure of indium-tin
oxide (ITO)/bis(8-hydroxyquinoline) cadmium (Cdqy)/Al. Aggregate formation and electric field driven trapping and de-
trapping of charge carriers in the aggregate states that lie in the energy gap of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of the organic molecule were proposed as the mechanism
of the observed bipolar resistive switching, and this was solidly supported by the results of AFM investigations. Repeatedly

set, read, and reset measurements demonstrated that the device is potentially applicable in non-volatile memories.
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1. Introduction

Since 1971, the unusual resistance switching effect has
been observed in various inorganic!'"%! and organic materi-
als under an electric field. The resistance switching effect in
various device structures provides a variety of possible next-
generation nonvolatile memory (NVM) applications. Gener-
ally, NVMs are studied with two switching behaviors: unipo-
lar and bipolar switchings. The polarities of the external volt-
age for the reset and the set processes are identical in unipolar
switching, while they are the opposite in bipolar switching. [7-8]
The memory effect has been demonstrated in various de-
vice architectures, such as a single organic layer and multiple
organic-inorganic layers sandwiched between two electrodes.
Various kinds of organic materials are reported as the single
layer in NVMs, such as small molecules,®~! conjugated

16-21] 2231 copolymers,12425]

17,26,27]

polymers,! polymer blends,|

polymer—metal nanopartical blended structures,! con-
jugated polymer—donor—acceptor blends,!?®! and molecules
embedded in a superamolecular matrix.!*”! The typical or-
ganic multilayers used in resistive switching devices in-
clude the trilayers of organic molecules/metal nanopar-

9,30-32]

ticles/organic molecules, ! organic molecules/core-

shell nanoparticles/organic molecules,!*3! and semicon-

ducting  molecules/insulating  molecules/semiconducting

molecules,?*! and the bilayers of inorganic salt/molecules!?!

and metal oxides/polymers. 3!
Up to now, several mechanisms and models have been
proposed to explain the resistive switching in different or-

ganic device architectures. The switching effect in devices
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based on a single polymer or molecule layer was attributed
to the formation of conducting filaments.>!%!8] The redox
mechanism was considered to be the origin of the resis-
tive switching in copolymer-based devices.[>l The forma-
tion of valence controlled charge transfer complexes was
proposed as the mechanism in CuTCNQ (TCNQ=7,7,8,8-

S.[12

tetracyano-p-quinodimethane)-based NMVs.['?] The electric

field induced charge transfer between organic molecules and
metal nanoparticles was proposed to cause the switching ef-
fect in single layer devices based on organic—metal nanoparti-

cle blends and trilayer devices with the structure of organic

molecules/metal nanoparticles/organic molecules.!!72%331 In

1,115:321 electrode-induced

137

addition, a charge trapping mode
two-dimensional single-electron tunneling,?”) the change of
molecular orientation,?° conjugation modifications by the re-
duction/oxidation of molecules,33-*% the electrochemical pro-

(14401 and the electric field dependent

cess of ionic conduction,
depletion at the metal—-organic interface!”’! were proposed to
cause the resistive switching in different devices.

In this paper, we report on the bipolar resistive switch-
ing effect and the memory characteristics of a single-layer
sandwiched device using bis (8-hydroxyquinoline) cadmium
(Cdqy) as the active memory material. Stable and reproducible
bipolar resistive switching is observed, and the non-volatile
memory characteristic is demonstrated in organic diodes with
the structure of indium tin oxide (ITO)/Cdqy/Al. Aggregate
formation and electric field driven trapping and detrapping of
charge carriers in the aggregate states that lie in the energy gap
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of the Cdq,
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molecule contribute to the observed bipolar resistive switch-
ing, which is supported by atomic force microscopy (AFM)
investigation of the active organic films.

2. Experiment

The small molecule complex Cdq, was synthesized
and purified according to a synthesis procedure similar
to that of tris(8-hydroxyquinoline) aluminum.*!! The fun-
damental principle of the synthesis is to combine an
8-hydroxylquinoline anion with a Cd>* cation.  Here,
0.001 mol cadmium sulphate was reacted with 0.002 mol 8-
hydroxylquinoline at a temperature of 60-70 °C, and sodium
hydroxide or ammonium acetate was used to adjust the pH
value of the solution. The sample device with the structure
shown in Fig. 1 was fabricated by vacuum depositing Cdq, on
a pre-cleaned ITO coated glass substrate followed by vacuum
depositing a thin aluminum film as the top electrode. The area
of the device defined by a shadow mask was around 5 mm?.
The vacuum pressure for organic and electrode deposition was
about 1073 Pa. The current—voltage (I-V) characteristic was
measured by a home-made automatic semiconductor device
analyzer. All electrical measurements were conducted under
ambient conditions without any encapsulation. The bias po-
larity was defined with reference to the top Al electrode.

74
@70\ 9 \
/Cd -
NN
\ 4 0
(a)
S AT0

glass

(b)

Fig. 1. (color online) (a) The molecular structure of Cdqs, and (b) the
structure of the resistive switching device based on Cdqp.

3. Results and discussion

The resistive switching effect was observed in a forward—
backward voltage-scan cycle, as shown in Fig. 2. The I-V
curve of the voltage sweep cycle starting from a negative volt-
age could be divided into six sections from (i) to (vi) (Fig. 2).

When the forward voltage was scanned from —8.4 Vto 1 V
(section (1)), the I-V curve exhibited a behavior similar to that
of a reverse biased diode, and the resistance of the device in
this voltage range was high. When the voltage ramped up from
about 1 V to 4.9 V (section (ii)), the I-V characteristic exhib-
ited an Ohmic-like behavior, and the rate of current increase
with voltage was larger than that in section (i). The corre-
sponding resistance in section (ii) was therefore lower than
that in section (i). When the voltage was further increased
from 4.9 V to 9 V, the rate of current increase slowed down to
around zero. When the voltage swept backwards from 9 V
to —1 V (section (iv)), the current decreased, and the -V
curve exhibited a behavior similar to that of a positively bi-
ased diode. The I-V curve exhibited another Ohmic-like be-
havior with a resistance close to that in section (ii) as the volt-
age swept from about —1 V to —4.9 V (section (v)). When the
voltage decreased further, a remarkable negative difference re-
sistance (NDR) appeared (section (vi)), that is, the current de-
creased with the increase in voltage.
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Fig. 2. The current—voltage characteristic taken by forward and back-
ward voltage scans, and three successive cycles of forward and back-
ward voltage scans.

The sections in the voltage scans and the assignment of
resistance states to logical values are summarized in Table 1.
Switching between the high resistance state (HRS) and the low
resistance state (LRS) of the device was performed numerous
times. The device was repeatedly set, read, and reset in air, as
demonstrated in Fig. 3. To write “0”, that is, the reset of the
device, a voltage of +7.8 V was applied, which set the device
in HRS. In the subsequent reading process, a voltage of 2.9 V
was applied, which corresponded to the scan process of sec-
tion (iv) in Fig. 2. As the device was in HRS, a small current
of 2.8x10~* A was measured. To write “17, that is, the set
of the device, a voltage of —7.0 V was applied, which corre-
sponded to the voltage scan of section (vi) and set the device in
LRS. A subsequent application of the voltage of 2.9 V read out
the resistance state, which corresponded to the voltage scan of
section (ii) in Fig. 2. As the device was in LRS, a large current
of 9.7x10~* A was measured.
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Table 1. The sections in the voltage scans, the resistance states, and the assignment of logical values.

Section (i) Section (ii)

Voltage scan/V

Section (iii)

Section (iv) Section (v) Section (vi)

-8.4—1.0 1.0—4.9 4.9—-9.0 9.0—-1.0 -1.0—+-4.9 —4.9—-8.4
Resistance state HRS LRS HRS HRS LRS LRS
Logic value 0 1 0 0 1 1
reset reset reset 3t
8 B S
> ! -[ -[ <C
> 4r read read |read read 1t
& — - e— g 0 LRS
3 ] >
T; 0 g HRS HRS
51
ol S —1F
= O
|
L] (a) —3F ¢}
—8F set ) set ‘ set‘ )
0 10 20 30 40 50 0 10 20
Time/s Tlme/s

Fig. 3. The typical set, reset, and read cycles of the ITO/Cdq,/Al device. (a) Applied voltage pulse with set, reset, and read voltages
of —=7.0V, 7.8V, and 2.9 V, respectively; (b) current response. The low and high resistance states are assigned to the logic of “1” and

“0”, respectively.

In order to clarify the switching mechanism, we studied
the surface morphology of the Cdq, film on the ITO glass
substrate using atomic force microscopy. It can be seen from
Fig. 4 that particles with sizes of 0.1 um to 1 um, which can be
regarded as molecular aggregates, are uniformly scattered in
the film. Molecular aggregates are mesomorphous structures,
which means that the degree of molecule order is between the
crystal and the amorphous. In contrast to most crystals and
nanocrystals in which energy states for the free motion of elec-
trons exist, and to most amorphous structures in which elec-
trons are localized to monomolecules, aggregates have elec-
trons that are delocalized within only several molecules. Each
orbital of a monomolecule splits into several orbitals with dif-
ferent energies through the coupling in the aggregate. These
Some of the
aggregate states lie in the energy gap between the HOMO and

new energy states are called aggregate states.

the LUMO of the monomolecule,*? and thus act as trap states
for electrons. Based on the above observations and consider-
ations, we propose that the observed resistive switching and
NDR are due to the aggregate formation in the Cdq, film.
The aggregate states in the HOMO-LUMO gap of the Cdq,
Elec-

tric field driven trapping and detrapping of charge carriers

molecule serve as traps for either electrons or holes.

in these trap states cause the resistive switching and NDR
of the device. In fact, the formation of aggregate states was
demonstrated to be the cause of negative difference resistance
in a 3,4,9,10-perylentetracarbonsduredianhydrid (PTCDA)-

[42]

based organic diode.'*~! The trapped charge in aggregates al-

ternates the distribution of the electric field that is parallel to

the normal of the metal-organic interface in the case of the
film with a pure amorphous structure, which results in the
three-dimensional motion of charge carriers in the organic film
as shown in Fig. 5.
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Fig. 4. (color online) AFM images of Cdq; film on ITO glass substrate
with sizes of (a) 10 umx 10 um and (b) 50 um x50 pm.
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Fig. 5. Schematic diagram of the three-dimensional current path in the
organic film caused by trapped charge in the aggregates in the case of a
positive voltage bias.

®
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The I-V characteristic shown in Fig. 2 belongs to a more
general bipolar resistive switching characteristic, as shown in
Fig. 6.143% We explain the detailed mechanism of such a
switching characteristics with the help of the energy diagram
in Fig. 7. Generally, as mentioned above, aggregate states ex-
ist in the energy gap of LUMO and HOMO, which serve as
either electron or hole traps. For simplicity, these aggregate
states are approximated hereafter as single-level electron or
hole traps, as shown in Fig. 7. The trap states in as-prepared
devices without bias are assumed to be unoccupied. At the be-
ginning of the forward scan starting from a large negative field,
F,, the effective depths of electron and hole traps are small, as
schematically illustrated in Fig. 7(a), therefore the number of
trapped holes and electrons is small. As |F| decreases, the ef-
fective depths of the traps increase, and so does the number of
trapped electrons and holes. The current of the device is lim-
ited by the metal—organic contacts, and the /-V curve exhibits
a diode-like behavior. It should be noted that under a negative
bias, electrons (holes) are injected from the anode (cathode)
into the organic. At F' = Fp, the number of trapped holes and
electrons reaches maximum, and so do the number of trapped
electrons near the anode and those of trapped holes near the
cathode. In the forward field scan of section (ii), on one side,
the Schottky barrier for electrons at the cathode—organic in-
terface, @, and that for holes at the anode—organic interface,
@na, are largely reduced by the trapped holes near the cath-
ode and the trapped electrons near the anode, respectively. On
the other side, the effective depths of the traps become smaller
and smaller, and the trapped electrons and holes are released
continuously. These released carriers make an additional con-
tribution to the device current, which is denoted as jrc. The
device current j can be expressed as j = jam + jrRc, Where jam
denotes the current density of the device whose organic film
is free of aggregates, that is, ideal amorphous, and jrc de-

notes the current contribution from the carriers released from
the traps. As the number of released carriers is large, and the
electrode contacts are nearly Ohmic, the I-V curve exhibits
an Ohmic-like behavior. In the forward scan of section (iii),
most of the trapped electrons and holes are released, and the
number of released free carriers decreases with time due to the
recombination and extraction by the electrodes, and thus their
contribution to the device current, jrc, decreases and finally
becomes zero at F' = Fj. Meanwhile j,n increases due to the
increased field. The decrease in jrc and the increase in jam
with increasing field lead to the device current first decreasing
and then increasing with increasing field. During the back-
ward field scan of F, — —Fj (section (iv)), on one side, the
electron and hole traps become deeper and deeper, and thus
more and more free carriers are trapped; and on the other side,
the Schottky barrier for electrons at the cathode—organic in-
terface, @¢c, and that for holes at the anode—organic interface,
(Pna, are increased due to the fact that electrons are trapped
near the cathode and holes are trapped near the anode. The
filling of the traps is completed at F = —Fp. As no carriers are
released from the traps during the scan, the device current is
J = Jam + JRC & jam, that is the I-V characteristic is diode-like.
For the backward scan from Fy to —Fy, (section (Vv)), on one
side, the effective trap depths decrease, while the detrapped
electrons and holes increase; and on the other side, the energy
barrier for electrons at the anode, @,, is so largely reduced by
the trapped holes there that it can no longer effectively limit
the electron injection at the anode. The same changes occur for
the hole energy barrier, @y, and the hole injection at the cath-
ode. Therefore, j =~ jrc, and the I-V curve is nearly Ohmic.
At F = —Fy, the density of the released carriers reaches a
maximum, which results in a maximum of the device current.
For the backward scan of —Fy, — —F, (section (vi)), the num-
ber of free carriers decreases due to the decreased release rate
of trapped carriers compared with the recombination and ex-
traction by the electrodes. The device current is governed by
detrapped charge conduction and injected carrier conduction
in the field range from —Fy, to —F;, while only the injected
carriers contribute to the current in the field range from —Fj to
—F,.

Current

v

Electric field

Fig. 6. The general current—voltage characteristics of bipolar resis-
tive switching. The field scan sections (i) —F, —Fy, (ii) Fy — Fp,
and (iii) Fyy, — Fp are forward scan; while sections (iv) Fy, — —Fp, (V)
—Fy — —Fy, and (vi) —Fy, — —F, are backward scan.
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Fig. 7. Schematic diagrams of the energy levels and trapped carriers in aggregates during different regions of the field scan: (a)
—F, — Fy, forward scan of section (i); (b) F = +F, end of forward scan of section (i); (c) F, = Fp, backward scan of section (iv); (d)

F = —Fy, end of backward scan of section (iv).

4. Conclusion

In summary, we investigated the /-V characteristics of
a device with an ITO/Cdq,/Al structure, in which stable and
persistent bipolar resistive switching and NDR were observed,
and a non-volatile memory characteristic was demonstrated.
Aggregate formation and electric field driven trapping and de-
trapping of charge carriers in the aggregate states that lie be-
tween the HOMO and LUMO of the organic molecule were
proposed as the mechanism of the resistive switching. AFM
investigation showed that large particles formed by the aggre-
gation of Cdqy molecules were uniformly scattered in the ac-
tive film, which gave solid support for the proposed mecha-

nism.
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