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Abstract
In this paper, we report the resistive switching characteristics of organic-inorgainc
nanocomposite layer of LiFePO4 nano-particle (NP) embedded in conjugated polymer P3HT
(P3HT:LiFePO4-NP). Memory devices with Al/P3HT/P3HT:LiFeP4-NP/ITO structure exhibit
forming-free bipolar resistive switching behavior under bias voltage sweeping. Our devices
achieved low set (⩽1.2 V) and reset voltage (⩽0.7 V), excellent data retention, high memory
margin of more than 105 on/off resistance ratio and data endurance >100 times, indicating their
great potential for memory application. The resistive switching mechanism was investigated by
c-AFM measurement and temperature-current dependence results based on conductive filament
model. It is deduced that the metallic filament was formed by diffusion and redox of Li+ ion
under bias.

Keywords: RRAM memory, forming free switch, LiFePO4 nano particle, resistive switching

(Some figures may appear in colour only in the online journal)

1. Introduction

Organic resistance random access memories (RRAMs) have
been considered a promising candidate for next generation
information storage media, especially for applications where
large area, light weight and mechanical flexibility are required
[1–4]. For practical RRAM applications, devices have to
achieve high memory margin of on/off resistance ratio, low
power consumption and excellent data retention. A typical
organic RRAM usually comprises metal/organic/metal. It is
generally accepted that metal ions can drift under bias,
inducing shortcut via forming filament and rupture in polymer
to generate an electrically resistive switching (RS) [5]. The
filament is involved mainly due to the redox of metal
migration or certain defects from electrodes, such as Cu, Ag
or ITO [3, 5–7]. In principle, the migration ability of metal
ions would limit the switching speed and affect the

programming voltages of RRAM devices. It is reasonable to
consider metal candidates with good diffusion and ion redox
properties. Lithium ion (Li+), with smallest radius in metallic
group, has been frequently reported in battery applications.
Li+ ion from intercalation compound, such as LiFePO4, could
diffuse into dielectric, forming metal dendrites and ruptures
under switching bias [8, 9]. Therefore, LiFePO4 could be
potentially an ideal material candidate for RRAM electrodes.
Furthermore, LiFePO4 could be grinded into nano-particles
(NPs). The electric field will be concentrated at the tips/cor-
ners of NPs due to the point effect. When those NPs are
blended in organic polymer, the high electrical field and the
thinnest gap between the electrodes would facilitate metal ion
transportation so as to improve RS performance [10]. It
should be pointed out that, typically in RRAM devices, the
electroforming process is necessary to generate defects in
dielectrics forming current pathway via soft breakdown mode.

Semiconductor Science and Technology

Semicond. Sci. Technol. 29 (2014) 115029 (6pp) doi:10.1088/0268-1242/29/11/115029

0268-1242/14/115029+06$33.00 © 2014 IOP Publishing Ltd Printed in the UK1

mailto:suyt@pkusz.edu.cn
mailto:zhouh81@pkusz.edu.cn
http://dx.doi.org/10.1088/0268-1242/29/11/115029


Forming voltage is much higher than the operation voltage
and causes the uniformity of the device performance to
deteriorate [11]. Therefore, it is of importance to develop
forming-free RS memory device.

2. Experiment details

In the paper, we report an RRAM made of organic-inorganic
nanocomposite materials. It consisted of poly(3-hexyl thio-
phene) (P3HT) as the polymer matrix, and the olivine crystal
LiFePO4-NP dispersed among them, in which Li+ ion can
insert/extract under bias with only slight volume change of
the crystal structure [12]. LiFePO4 was prepared by solid state
reaction [13]. As-prepared LiFePO4 particle sizes were more
than 1 μm. After ultra-fine grinding machine treatment, the
particle sizes were shattered into 20∼ 40 nm, denoted as
LiFePO4-NP, the corresponding XRD pattern and SEM photo
as shown in figures 1(a), (b). Next, 1 mg LiFePO4-NP

together with 10 mg P3HT was dispersed in 10 ml 1,2-
dichlorobenzene. After 1000 rpm spin-coating and 80 °C
thermal treatment, a 60 nm organic-inorganic nanocomposite
active layer was obtained. This is followed by spin-coating
another 20 nm thickness P3HT as buffer layer, as shown in
figure 1(c). The final RRAM devices were composed of Al/
P3HT/P3HT:LiFePO4-NP/In2O3:Sn (ITO) glass with a
crossbar array, as shown in figures 1(d), (e). The ITO elec-
trode had a width of 2 μm and the evaporated Al electrode via
a shadow mask had a width of 50 μm. The whole device had

Figure 1. (a) XRD spectrum of olivine LiFePO4 nano-particle (NP);
(b) SEM photo of LiFePO4-NP; (c) cross-section SEM photo of 2
layers P3HT thin film; (d) the schematic diagram of Al/P3HT/
LiFePO4-NP:P3HT/ITO structure and (e) crossbar array RRAM cell.

Figure 2. Typical electrical measurement of I–V characteristics of Al/
P3HT/P3HT:LiFePO4-NP/ITO memory cell; (b) and (c) The
statistical distribution of VSET and VRESET among 100 Al/P3HT/
P3HT:LiFePO4-NP/ITO samples; (d) I–V characteristics of Al/
P3HT/ITO cell as comparison and the forming process to be
necessary.

2

Semicond. Sci. Technol. 29 (2014) 115029 J Liang et al



an active area of 100 μm2. The whole fabrication process and
package were performed in a nitrogen glove box. A scanning
electron microscope (SEM, Hitachi S-4800) with E1010 Au
sputter coater was used for cross-section studies of P3HT:
LiFePO4-NP layer. The electrical measurement was carried
out on an Agilent B2900A system and micro-topography was
scanned by Bruker multimode 8 Conductive AFM.

3. Result and discussion

The measured typical current-voltage (I–V) hysteresis char-
acteristics of the kind of devices are shown in figure 2(a). The
process of switching from high-resistance state (HRS) to low-
resistance state (LRS) is denoted as ‘SET process’, and the
reverse process is denoted as ‘RESET process’. In step 1, the
voltage was scanned from 0 to 1.5 V and an abrupt increase in
the current occurred at the voltage of around 1 V, as the SET
process. During the SET process, a current compliance of
1 mA was also required to avoid a hard breakdown. We define
VSET as the switching-on threshold voltage for the SET pro-
cess, which can function as a writing process for RRAM. In
step 2, the voltage was scanned back from 1.5 to 0 V during
which the device remained in the LRS. In step 3, while
sweeping the voltage to around −0.5 V, an opposite RESET
process was observed, which can function as an erasing
process for RRAM. VRESET was defined as the switching-off
threshold voltage for the RESET process. In step 4, the
memory devices remained in the HRS when the voltage was
scanned back from 1.2 to 0 V. It is evident that all the RESET
processes occur in the voltage around −0.5 V and all the SET
processes occur below 1.2 V. A resistance ratio (RHRS/RLRS)
of larger than 105 is obtained for the device. These values of
VSET and VRESET are significantly lower than the majority of
corresponding values for other metal filament mechanism
functional RRAM devices in such high resistance ratio (RHRS/
RLRS) [5, 14–16]. In order to test the reproducibility of
LiFePO4-NP incorporated RRAM, 100 individual cells were
measured and analyzed. It is evident that statistically most
devices (97 out of 100 samples) operate at a SET voltage
below 1.2 V and RESET voltage under −0.7 V (98 out of

100), as shown in figures 2(b), (c). It is worth noting that the
switch process is forming-free, which is desirable for RRAM
with LiFePO4-NP applied in integrated circuits. In addition,
the (I–V) hysteresis characteristics of Al/30 nm P3HT/ITO
structure RRAM devices were studied as comparison. As
shown in figure 2(d), without LiFePO4-NP, the forming
voltage of 3.15 V is necessary to induce defects in P3HT
dielectrics. Due to the forming process at high voltage, which
probably damages the polymer dielectrics, the RHRS/RLRS

ratio of the RRAM without LiFePO4-NP is < 103, 2 orders of
magnitude lower than that with LiFePO4-NP. The results
demonstrate that the RRAM benefits from LiFePO4-NP and
exhibits forming-free bipolar switching behavior with large
RHRS/RLRS ratio under low voltage operation.

The reliability properties of RRAM with LiFePO4-NP
were further evaluated. The cycling endurance of the device is
tested by ‘write–read–erase–read’ sequence. As shown in
figure 3(a), the memory devices can operate more than 100
cycles under dc sweep with a sufficient margin of more than
103. The resistance values of these devices were read at
100 mV with time going. Figure 3(b) shows that the two
resistance states are stable for >3 × 105 s (>7 days) without
serious deterioration. It is still necessary to develop more
stable polymer dielectrics for long time endurance [17–19].

To search for direct evidence of metal filament formation,
one LiFePO4-NP embedded sample was further examined by
a conductive atomic force microscopy (c-AFM). After 10
cycles SET process, Al electrode was etched and then c-AFM
scan was performed in the area of 4 × 4 μm2. Only one local
current spot in the sample was found, as shown in figure 4(a),
and the spot area of 35 × 50 nm2 appeared in the inset of
figure 4(a). It indicates that the resistance is independent of
the junction area and only single filament is involved in LRS
(ON state). From the resistance of ∼350Ω extracted from the
current-voltage (I–V) hysteresis curve, the diameters of Li
filaments are estimated to be less than 10 nm, the schematic
diagram of the Li filament is shown in figure 4(b). The RS
mechanism for P3HT/P3HT:LiFePO4-NP active layer can be
interpreted as the charge transport process. Under the appli-
cation of positive bias to the ITO electrode, due to the high
electric field between LiFePO4-NP and Al electrode, mass Li+

Figure 3. (a) Cycling endurance of Al/P3HT/P3HT:LiFePO4-NP/ITO memory cell via the dc sweep operation and the state is monitored by
0.1 V read voltage; (b) retention characteristics of cell.
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ions in LiFePO4-NP drift toward the Al electrodes. The
transported Li+ ions are reduced to Li atoms at the Al/P3HT
interface according to the cathodic deposition reaction Li+

+ e− →Li, and inhomogeneous nucleation of Li atom occurs

on the Al surface. Then, the Li nucleus grows preferentially
toward the opposite electrode and eventually a metal filament
is formed between the Al electrodes and LiFePO4-NP, as
shown in figures 4(c), (d). This leads to a low resistance (ON)

Figure 4. Switching mechanism of the Al/P3HT/P3HT:LiFePO4-NP/ITO cell to form a metal filament, (a) the local current images of P3HT/
P3HT:LiFePO4-NP/ITO probed via c-AFM scan after 10 cycles SET process showing conducting spot in 4 × 4 μm2 area, the inset of the
picture being 500 × 500 nm2 area, only one spot appearing in the scan scope; (b) the schematic diagram of resistive switching structure
containing LiFePO4-NP for this c-AFM experiment; (c) transportation of Li+ ion under positive bias drifting toward the Al electrode and
reducing to Li atom; (d) formation of metal filament by inhomogeneous nucleation and subsequent growth of Li atom on Al electrode, and (e)
rupture of filament at the thinness part under negative bias.
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state of the memory. Under the positive bias, many Li nuclei
may grow. However, once one of the Li nuclei forms a fila-
ment between the LiFePO4-NP and Al electrodes, the applied
bias voltage immediately drops because of the current com-
pliance, preventing further growth of other Li nuclei. This
mechanism of self-limited single metal filament is involved in
the ON state. Considering the high electric field existing

between LiFePO4-NP and Al, it is possible that the memory
cell could be decided by one NP and helpful to the scale down
of RRAM. A reverse bias leads to the rupture of filament and
the cell is switched back to a high resistance (OFF) state, as
shown in figure 4(e). To sum up the above analysis, the
forming-free RS characteristics under low bias could be
attributed to the low Li+ ion exaction energy (for activating
free Li+), high mobility of Li+ ion in dielectrics and strong
redox ability of Li+ to Li.

In order to optimize the performance of our devices, we
studied the conduction mechanism in both the ON and OFF
states. As seen from figure 5(a), the log I−log V curve in the
HRS has a linear region with a slope of 1.1 at low voltage. At
voltages higher than 0.5 V, the log I−log V curve is mostly
linear with a slope of 2, a typical slope of space charge limited
conduction (SCLC) [20, 21], implying that the current con-
duction of HRS is due to the traps in dielectrics of ultrathin
P3HT film. The resistance of LRS has a linear region with a
slope of 1.0, a typical Ohmic conduction fitting curve, as
shown in figure 5(b). The resistance is increased well along
with temperature, which is consistent with the metallic
property. Linear fitting between 25 °C and 80 °C in figure 5(c)
is also shown according to

= + −R T R a T T( ) [1 ( )] (1)0 0

Where R0 is the resistance at room temperature (297 K), α is
the resistance temperature coefficient. From the slope of the
linear fitting, we can calculate the temperature coefficient of
LRS to be α= 3.6 × 10−3 K−1. This resistance temperature
coefficient value is in agreement to the scope of reported
metal conductor [22]. Therefore, we can conclude that LRS of
our device has Ohmic characteristics due to the formation of
conductive metal filament.

4. Conclusion

In summary, for the first time, Li+ ion is employed to form a
controlled defect in organic RRAM based on P3HT and
LiFePO4-NP. The memory achieved 100 times endurance,
3 × 105 s retention capabilities and high resistance ratio of 105.
Owing to the rapid forming and rupture of Li filament, the
organic-inorganic nanocomposite RRAM exhibits forming-
free bipolar switching behavior under low voltage operation.
The resistances of the memory cells are independent of the
devices’ area via c-AFM result, indicating that single Li
filament decides the switching behavior. Our findings imply
that the size of memory cell could be potentially controlled by
one NP, which offers a promising approach for scaling down
of RRAM devices in the future.
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Figure 5. I–V characteristics of Al/P3HT/P3HT:LiFePO4-NP/ITO
cell at (a) HRS by fitting with SCLC mechanism; (b) LRS with
Ohmic conduction mechanism, and (c) is temperature dependence of
the resistance in the LRS, showing positive resistance temperature
coefficient.
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