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The pulsed laser deposition and growth of a high-k dielectric lanthanum aluminate LaAlO3; (LAO) thin film on
indium tin oxide/glass substrate at different oxygen partial pressure was studied. Based on the pulsed laser
deposition growth mechanism, we explain how a difference in the oxygen partial pressure influences the
surface roughness, formation of an interfacial layer, and the transparent resistive switching characteristics of
LAO thin films. The micro-structure and oxygen concentration difference inside LAO thin films may be the
main reason for the difference in electrical and resistive switching properties. Films grown at higher oxygen
partial pressure displayed more reliable resistive switching performance, due to the formation of the
interfacial layer and a lower concentration of oxygen vacancies. The interfacial layer serves as a good oxygen

reservoir and the involvement of more oxygen ions ensures the switching reliability. The migration of oxygen
ions between the interfacial layer and the LAO film under applied bias may be the switching mechanism.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The high demand for nonvolatile memory (NVM) with low power
consumption, high density, and compatibility with conventional
complementary metal oxide semiconductor (CMOS) technology has
led to increased research. As a result, resistive random access memory
(RRAM), which is based on the concept of resistance switching (RS),
has emerged as one of the prime candidates for next generation NVM
[1-3]. Several materials have been shown to exhibit RS characteristics,
including transition metal oxide [4-6], perovskite oxides [7-9], and
some organic materials [10]. Various models such as the filamentary
model [11,12] and the charge trapping model [13,14] have been
proposed to explain the RS mechanism. Most of these materials show
polycrystalline structures, and the existence of the grain boundaries
may facilitate the formation of the conducting filaments and
determine the electrical properties [15]. In recent years, amorphous
materials have also attracted attention since they are free from grain
boundaries which improve film uniformity and avoid detrimental
pad-to-pad variations in switching characteristics, in contrast to
polycrystalline cells. However, the resistive switching mechanism in
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amorphous films might be different from that in polycrystalline films
due to the absence of these grain boundary defects in amorphous thin
films.

In this study, we investigate the use of amorphous LaAlOs; (LAO)
thin films for RRAM devices. The ternary oxide LaAlOs, is one of the
materials that has been identified by the semiconductor industry as a
potential replacement for SiO, in gate dielectric layers. It has a high
dielectric constant of 25 [16] and has large band offsets (over 2 eV)
with silicon [17]. Furthermore, the thin film of LAO is amorphous at
temperatures up to 800 °C [18], the band gap is predicted to be 6.2 eV
[19], and it is theoretically thermally stable in contact with silicon
at up to 1000 °C [20]. Since the LAO thin film exhibits reliable RS
properties, it is a good choice for 1T1R integration applications.
However, the use of a lanthanum-based dielectric layer for the RRAM
applications has not received great attention. In lanthanum-based
films, the oxygen vacancy density is critical for determining the
resistance values. The influence of oxygen partial pressure during
pulsed laser deposition (PLD) on the thin film morphology and
resistive switching properties of LAO is the subject of our study.

2. Experimental method

The PLD process was used to deposit the LAO films using an LAO
target as the resistive layer of transparent RRAM (T-RRAM) device on
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an indium tin oxide (ITO)/glass substrate. A KrF excimer laser
(N =248 nm) was used as the light source for PLD with a pulse duration
of 25ns, a repetition rate of 3 Hz, and laser energy of 500 m]. The
distance from the target to the substrate was 10 cm and the target
rotation rate was 5 rpm. The ambient oxygen pressure, which is the
most important parameter of the PLD process, was varied, taking values
0f 0.93, 1.87, and 3.73 Pa. We use ITO as a top electrode (TE). A 100 nm
ITO film was deposited using the dc sputter system using a shadow mask
with a diameter of 1200 pm. The electrical characterization was carried
out using an Agilent 4156C semiconductor parameter analyzer (SPA) at
room temperature. The surface morphology, LAO film thickness and
chemical composition of LAO thin films was characterized by atomic
force microscopy (AFM), a surface profiler and X-ray photoelectron
spectroscopy (XPS). Cross-sectional high resolution transmission
electron microscopy (HR-TEM) was employed to examine the micro-
structure. The current flow from the top to the bottom electrode was
defined as a positive sweep.

3. Results and discussion

The surface roughness of LAO thin film with oxygen partial
pressure of 0.93 (L1), 1.87 (L2), and 3.73 (L3)Pa was measured by
AFM. The root mean square (RMS) surface roughness of L1, L2, and L3
samples was about 3.66, 4.00, and 4.38 nm, respectively, as shown in
Fig. 1(a)-(c). The thicknesses of the L1, L2, and L3 samples were about
25, 28, and 40 nm, as measured using the surface profiler and TEM
analysis. The PLD process parameter such as oxygen pressure [21]
or substrate temperature [22], can influence the thin film growth
mechanism and the nucleation reaction—the LAO thin film thickness
and surface roughness increased linearly with oxygen content. This
increase may be related to some physical properties of thin film
growth conditions. The cross sectional structures of the stacked
ITO/LAO/ITO devices were characterized by HR-TEM, as shown in
Fig. 2(a)-(c). A very clear interfacial layer (IL) with a rougher surface
between the ITO substrate and the LAO film deposited in the L3
sample is clearly observed, while no IL can be observed in L1. This
indicates that LAO thin film deposition at a higher oxygen pressure
aids the formation of the IL. The three LAO samples were all in the
amorphous phase due to the high crystallization temperature of
about 800 °C [18].

To explain how the oxygen pressure influences the thin film growth
during the PLD process, we need to examine the mechanism of the PLD
fabrication process. The PLD-deposited thin film properties show a high
correlation with the conditions in the chamber. The oxygen gas has two
effects expected to influence the film formation. It alters the evaporated
plume length, and provides a high flux of background gas particles
bombarding the surface during the deposition. The evaporated plume
is a critical factor to determine the deposited thin film quality during
PLD. According to Dyer et al. [23], the deposited thin film quality was
influenced by the specific effect of the plume length and ambient
pressure. The plume length L and the oxygen pressure P, follow L «
(E/P,) 'Y, where E is the laser-pulse energy, and 7 is the ratio of specific
heats of the elements in the plume. From the above equation, high
oxygen pressure has a corresponding shorter plume length L. They
mentioned that as the target-to-substrate distance is located beyond the
plume length L, the concentration of smaller clusters decreases and
larger clusters appear, indicating that with a longer transfer time, the
clusters merge via reaction [24]. Therefore, the vaporized species
undergo more collisions and form larger clusters during transformation
from plume to the substrate surface. lonized atomic oxygen is quite
reactive and tends to interact easily with the vaporized species. A
continuous source of atomic oxygen can contribute on oxygen activity
and arrival adatoms to the substrate surface, thus leading to higher
deposition rate and thicker LAO thin film. The quality of the vacuum is a
major practical consideration for the determination of the deposition
rate [25,26]. Therefore, the thicker thin film was observed under the
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Fig. 1. AFM images of the LAO films grown with oxygen partial pressures of (a) 0.93, (b) 1.87,
and (c) 3.73 Pa.

same deposition time as shown in Fig. 2. The deposition rate alternation
may lead to different thin film nucleation and growth mechanism. For a
high oxygen pressure circumstance, the vaporized species tend to form
clusters before arriving at the substrate surface. Large clusters have the
additional effect of decreasing the surface diffusion coefficient of the
adsorbed vapor atoms, therefore, the adhesion of the ejected matter is
poor, the shape size growth follows a random distribution, and a rougher
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Fig. 2. High resolution cross-sectional TEM images of the LAO films grown with oxygen
partial pressures of (a) 0.93, (b) 1.87, and (c) 3.73 Pa.

surface can be expected. Another possible reason for the increase in
surface roughness with increasing oxygen pressure may be attributed to
an increased particulate formation in the laser plume [27]. In addition,
the atomic oxygen may be kicked or impinged onto the substrate surface,
which causes growth of the interfacial layer during thin film deposition.

Fig. 3 shows the XPS spectra of the La 3d core level electrons. The
peak binding energy of the La 3d core level electron increases with the
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Fig. 3. XPS spectra of the La 3d core-level electrons of the three samples.

increase in oxygen pressure from 0.93 to 3.73 Pa; this can be
attributed to highly oxidized of the LAO film. Further, fewer structural
defects are introduced. The Al 2p core level electron shifts from 72 to
74 eV; this corresponds to a peak binding energy shift from near metal
Al°" to the oxidized AI>* spectra. Xiang et al. [28] claimed that when
LAO film is deposited under a high oxygen pressure of 10~ ! Pa, the
kinetic and internal energy of the flying particles is easily lost due to
frequent collisions and reactions between the evaporated particles
and oxygen. Above 2x 10~ 3 Pa, the stoichiometric ratio of La, Al, and
0 in the deposited LAO films is maintained at around 1:1:3, otherwise
the oxygen content decreases with decreasing oxygen pressure. The
leakage current density of LAO thin films, which decreases gradually
with the increase in oxygen pressure at a certain given electric field
value, corresponds with the XPS analysis. The XPS results confirm that
at high oxygen pressure, the atomic oxygen compensates for the
oxygen deficiency of vaporized species by collision or reaction. The
result is a stronger binding energy of the oxidized peak and less
defects in the LAO thin film. For resistive memory applications, the
LAO thin film property must be well controlled during PLD fabrication
by modulating the oxygen pressure.

The forming process is needed in the beginning to trigger the RS
properties, and the L3 samples exhibit the largest forming voltage
than the others. This may be due to the thicker thickness and/or less
oxygen deficiency on L3 samples. After the forming process, three
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Fig. 4. 1-V curves of the LAO-based memory device grown with various oxygen pressures.
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devices exhibited bipolar RS behavior, and the RS from the low
resistance state (LRS) to high resistance state (HRS) can be realized
with positive voltages (clockwise loop). To evaluate the memory
performance of the ITO/LAO/ITO devices, the endurance characteris-
tics were measured, as shown in Fig. 4. Fig. 5(a)-(c) compares the
endurance characteristics of the three LAO devices. During the 100
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Fig. 5. The resistance values of both ON and OFF-state at 0.1 V of LAO-based transparent
memory grown with oxygen partial pressure of (a) 0.93, (b) 1.87, and (c) 3.73 Pa.

consecutive switching cycles, several switching-failure cycles are
observed on the L1 devices. The resistance values in both states are
distinguishable on the L3 devices. The average values of the resistance
ratio measured at a bias voltage of 0.1 V was about 4.7, 9.7, and 26.7
for the L1, L2, and L3 respectively. The ratio is similar to amorphous
Ga,05 films using the PLD process [29]. As non-volatile memory
device application, RRAM devices usually require a large ratio
between HRS and LRS to have a high signal-to-noise ratio. The
distinct bipolar RS properties of the three samples may be due to the
difference in composition of LAO thin films and the micro-structure at
the LAO/ITO (BE) interface.

Two factors influence the stable RS characteristics: the structural
difference and composition differences. For the former, we can clearly
observe from Fig. 2(a) and (c), there is an additional IL at the LAO/ITO
(BE) interface of L2 and L3 samples, but not L1. The IL serves as a
reservoir for oxygen ions under the applied bias. As a negative voltage
is applied to the top electrode, oxygen ions move toward the
interfacial layer, and the state is switched to LRS. During the
operation, the oxygen ions can rest inside this IL, contributing to a
large conducting current. When a positive voltage is applied, the
oxygen ions move back to the LAO thin film and the state switches to
HRS. The oxygen ion migration between the IL and LAO thin films
dominates the state to LRS or HRS. The resistance value level is
determined by the number of oxygen ions involved, this is the second
factor. Under the identical current compliance of 10 mA, the L3
sample extracts more oxygen ions due to oxygen defects deficiency, as
shown in Fig. 3. This indicates that higher oxygen content can be
involved for the RS characteristics on L3 samples, compared to the L1
samples. The involvement of more oxygen ions ensures the reliability
of the switching behaviors, especially during the LRS to HRS operation.
This improves the RS stability. This may also explain why L2 samples
with an IL at the LAO/ITO interface still show several unreliable
switching characteristics. Although the ITO electrode can also serve as
an oxygen reservoir controlling RS characteristics, the observed RS
properties are poor and the high and low resistance values are
unstable from cycle to cycle, like the L1 samples shown in Fig. 5(a).
Random fluctuations of the high and low resistance values for L1
samples cause severe degradation and data read-out errors, resulting
in unreliable memory performance. Physical thickness difference of
the three samples was not the dominate factor for the RS, because the
effective thickness for the RS operation may depend on material and is
difficult to be expected. We also tested the opposite RS characteristic
by sweeping the counter-clockwise loop (positive bias for HRS to LRS
and negative one for LRS to HRS) on the three samples; the three
devices can also be switched to HRS using a negative bias. However,
the RS properties are quite poor compared to the clockwise direction
(not shown here). Therefore, the existence of the IL is essential for a
reliable RS operation, like the Lag;CaMnOs; (LCMO)/TiOy reported
by Liu et al. [30]. Based on these observations, we believe that the
presence of the IL is responsible for the stable RS characteristics of
the LAO thin films. Also, a thin film with lower oxygen vacancy
concentration displays better high to low resistance ratio RS properties
because more oxygen ions are involved in the switching process.

4. Conclusion

The transparent ITO/LAO/ITO sandwich structures were fabricated
and the resistive switching characteristics of LAO T-RRAM grown at
different oxygen partial pressures using pulsed laser deposition were
investigated. We explain how different oxygen partial pressures
influence the thin film morphology based on the thin film growth
mechanism. The LAO films grown at higher oxygen partial pressure
provide lower leakage current, and a more stable high to low resistance
ratio. The interfacial layer serves as a good reservoir for oxygen ions. The
migration of the ions between the interfacial layer and LAO film may
be the switching mechanism involved. Further work is needed to study
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how the difference in the oxygen content of LAO films influences the
switching reliability under different temperatures and how to the ITO
electrode instability can be overcome.
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