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Abstract

Ferroelectric memristors offer a signiﬁcant alternative to their redox-based analogs in resistive
random access memory because a ferroelectric tunnel junction (FTJ) exhibits a memristive effect
that induces resistive switching (RS) regardless of the operating current level. This RS results
from a change in the ferroelectric polarization direction, allowing the FTJ to overcome the
restriction encountered in redox-based memristors. Herein, the memristive effect of an FTJ was
investigated by ultraviolet–visible (UV–Vis) absorption spectroscopy using a removable
mercury (Hg) top electrode (TE), BaTiO3 (BTO) ferroelectric tunnel layer, La0.7Sr0.3MnO3
(LSMO) semiconductor bottom electrode, and wide-bandgap quartz (100) single-crystal
substrate to determine the low-resistance state (LRS) and high-resistance state (HRS) of the FTJ.
A BTO (110)/LSMO (110) polycrystal memristor involving a Hg TE showed a small
memristive effect (switching ratio). This effect decreased with increasing read voltage because of
a small potential barrier height. The LRS and HRS of the FTJ showed quasi-similar UV–Vis
absorption spectra, consistent with the small energy difference between the valence-band
maximum of BTO and Fermi level of LSMO near the interface between the LRS and HRS. This
energy difference stemmed from the ferroelectric polarization and charge-screening effect of
LSMO based on an electrostatic model of the FTJ.
Keywords: ferroelectric tunnel junction, memristor, ultraviolet–visible absorption, electrostatic
model, resistive random access memory
(Some ﬁgures may appear in colour only in the online journal)
instead of a current charge trap method [1–8]. Therefore,
materials play a key role in NVM realization. Speciﬁcally,
because of the simple metal–insulator–metal (MIM) conﬁguration of resistive RAM devices using redox-based memristors, they have attracted considerable attention in the
generation of cross-point array structures presenting the
highest-density integration [9–12]. However, the high operating current level and low reliability of these memristors
have hindered the development of resistive RAM. Redoxbased memristors depend on a resistive switching (RS)

1. Introduction
The development of next-generation nonvolatile memory
(NVM) that exhibits low power consumption and high density is required to overcome the restrictions of current memory devices such as dynamic random access memory (RAM)
and NAND ﬂash memory. Existing NVM candidates such as
ferroelectric RAM, resistive RAM, magnetic RAM, and
phase-change RAM rely on state variations caused by the
resistance change of materials, as described by their names,
0957-4484/16/215704+06$33.00
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mechanism, which restricts the reduction of their operating
current and resistance dispersion [13, 14]. They require sufﬁcient voltage and high current to switch their resistance state
by electrochemical migration and/or redox. Ferroelectric
memristors have emerged as promising alternatives to these
resistive RAM devices because the memristive effect of a
ferroelectric tunnel junction (FTJ) induces RS through a
change in the ferroelectric polarization direction regardless of
the operating current level [15–17]. Therefore, in this study,
this memristive effect is applied to resistive RAM to minimize
the operating current level and resistance dispersion. This
effect results from a change in the average potential barrier
height with respect to the remnant polarization direction of an
ultrathin ferroelectric layer, which requires metal and semiconductor asymmetric top and bottom electrodes [18]. In the
metal electrode/ferroelectric tunnel layer (FTL)/semiconductor electrode structure, variations in the Thomas–
Fermi screening length of the asymmetric electrodes alter the
average potential barrier height for different tunneling currents [19]. Therefore, the use of different top and bottom
electrodes is critical for RS. Changes at the FTL/semiconductor electrode interface were investigated using a drop
of mercury (Hg) as the top electrode (TE), BaTiO3 (BTO) as
FTL, La0.7Sr0.3MnO3 (LSMO) as the semiconductor bottom
electrode (BE), and single-crystal quartz (100) as the substrate. The association of the Hg drop TE with the quartz
substrate, which presented a wide bandgap (>7.8 eV),
facilitated ultraviolet–visible (UV–Vis) absorption measurements after resistance state switching. The ﬁnal states of the
FTJ, known as the high-resistance state (HRS) and lowresistance state (LRS), were evaluated by UV–Vis absorption
using a removable liquid electrode.
Figure 1. Schematic of experimental procedures. (a) Fabrication of

2. Experimental details

BTO/LSMO/quartz and GI-WAXD measurements; (b) LRS/ HRS
switching using a Hg drop; (c) UV–Vis absorption measurement of
each LRS and HRS.

Au contact electrode ② (work function: ∼5.1 eV) was formed
at the corner of the quartz (100) substrate (20 mm×20 mm)
to achieve an ohmic contact between tungsten tip ① (work
function: ∼4.4 eV) and LSMO p-type semiconductor (and/or
half metallic) BE ③ (work function: ∼4.8 eV) (ﬁgure 1(b)).
Subsequently, FTL (thickness: 5–10 nm) and BE (thickness:
∼200 nm) were deposited on the substrate by in situ radiofrequency magnetron sputtering. BTO and LSMO sputter
targets were prepared by a standard solid-state reaction
method using Ba2O3, Ti2O3, La2O3, SrCO3, and Mn2O3
powders as starting materials. During the deposition, the
working pressure, substrate temperature, and Ar/O2 gas ﬂow
ratio were maintained at 20 mTorr, 550 °C, and 4:1, respectively. Phase formation and crystallinity were monitored by
grazing-incidence wide-angle x-ray diffraction (GI-WAXD)
at the Pohang Accelerator Laboratory using monochromatic
radiation (λ=0.620831 Å). The x-ray irradiation time ranged between 2 and 120 s depending on the detector saturation
level. Diffraction angles were calibrated using precalibrated
sucrose (monoclinic, P21, a=10.8631 Å, b=8.7044 Å,
c=7.7624 Å, β=102.938°). The sample-detector distance
was set to 223.3 mm. The RS behavior of the Hg/BTO

(110)/LSMO (110) structure was determined by a two-probe
method using a Keithley 2635A sourcemeter. Current–voltage (I–V) characteristics of the ﬁlms were determined using a
removable Hg drop TE. All measurements were performed at
room temperature. Absorption rates of the LRS and HRS
were obtained using a UV–Vis spectrophotometer (V-570,
JASCO).

3. Results and discussion
Figure 1 shows a schematic of sample formation, I–V measurement using the removable Hg TE, and UV–Vis absorption measurement. The crystal structure of the fabricated
BTO/LSMO/quartz sample (ﬁgure 1(a)) was determined by
GI-WAXD. The resulting two-dimensional image revealed
that BTO and LSMO preferably adopted an in-plane (110)
orientation (blue box, ﬁgure 2(a)) [20]. In contrast, Au
showed a ring pattern corresponding to a randomly oriented
2
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the removable Hg drop TE and Au contact electrode as shown
in ﬁgure 1(b). The ﬁgure 3(c) shows memristive characteristic
during repeated I–V measurements. The memristive characteristic (memory window) was small while BTO/ LSMO/
quartz (100) clearly shows hysteretic I–V curve caused by
small ferroelectric amplitude and defects of polycrystal FTL.
For an endurance test, operating cycle was set as ﬁgure 3(d)
where the current level (resistance state) was determined 10
times at read voltage (Vread) values of +0.1, +0.2, +0.5, and
+1 V after a writing operation using an amplitude of ±5 V
and pulse width of 500 μs. A single cycle, which comprised
one writing and 10 reading operations (ﬁgure 3(a)), was
repeated 10 times (20th writing and 200th reading,
ﬁgure 3(b)). The switching ratio RHRS/RLRS (sensing margin)
was very small and amounted to 1.97, 1.16, 1.03, and 1.01 for
Vread values of +0.1, +0.2, +0.5, +1 V, respectively. The
Vread-dependent decrease in the switching ratio might have
resulted from the low potential barrier height of a BTO tunneling layer by defects and/or polycrystal FTL. In general,
MIM structures follow a carrier transport mechanism involving a direct tunneling ( JDT)→Fowler–Nordheim tunneling
( JFNT)→thermionic emission (JTI ) sequence with an
increasing voltage [16]. Therefore, a relatively lower potential
barrier height of the BTO tunneling layer induces JTI at a
relatively lower voltage. In fact, the resulting memristive
effect can be reduced to a greater extent in the JTI regime
compared with JDT and JFNT regimes [15–17]. In general, an
increase in defects inside a ferroelectric insulating layer
increases the Fermi level of the BTO layer, lowering the
potential barrier height [17].
Figure 4(a) shows a Tauc plot [21] of UV–Vis absorption spectra as a function of photon energy for the LRS and
HRS acquired in the absence of the removable Hg TE
(ﬁgure 1(c)). An expanded region of photon energy (inset)
revealed a small difference in UV absorption between the
LRS and HRS at 1.38 eV of photon energy. Speciﬁcally,
compared to the HRS, the LRS exhibited a 0.064% reduction
in the absorption rate at 1.38 eV as its absorption shifted by
approximately 0.055 eV to a higher energy level for the same
absorption rate. The extrapolation to zero of the linear portion of the extended curve (up to a photon energy of 6 eV)
provides the optical bandgap of the BTO layer at each
switching state [22]. In general, the UV absorption rate and/
or gradient depend on the ﬁlm thickness and/or band shape.
The UV–Vis absorption spectra of the LRS and HRS were
obtained using the same sample (ﬁgure 1), indicating that the
thickness was constant. Therefore, absorption rate differences may originate from changes in the band shape and/or
band bending. Calculated optical bandgaps for the LRS and
HRS amounted to 3.026 and 3.081 eV, respectively, and
these values may be attributed to the optical bandgap of the
BTO layer. Schematic band diagrams using an electrostatic
model of the FTJ are proposed in ﬁgure 4(b) for the LRS and
HRS to interpret the small difference in optical bandgaps. For
a UV photon passing through the quartz substrate, LSMO,
and BTO, the small absorption difference is expected to stem
from BTO/LSMO interfacial changes because a BTO FTL
itself should display the same absorption in the LRS and

Figure 2. (a) Two-dimensional and (b) one-dimensional GI-WAXD

(vertical cut) data of BTO/LSMO/Au (contact electrode)/
quartz (100).

polycrystal. A one-dimensional pattern was derived from the
GI-WAXD data (red line, ﬁgure 2(a)), which showed in-plane
LSMO (100), BTO (110), LSMO (110), and Au (111) diffraction peaks (ﬁgure 2(b)). The uppermost ultrathin BTO
layer displayed a large diffraction peak at a grazing-incidence
angle of 0.05°. D-spacing values calculated from diffraction
peak positions are 4.422, 2.826, 2.748, and 2.358 Å for
LSMO (100), BTO (110), LSMO (110), and Au (111),
respectively. Moreover, these data suggest that a BTO ﬁlm
adopted a tetragonal phase (JCPDS: 05-0626).
The FTL was investigated by using piezoresponse force
microscopy with BTO/ LSMO/ quartz (100) sample. The
local out-of-plane piezoresponses such as phase and amplitude signals of bare surface of BTO/ LSMO/ quartz (100)
were given in ﬁgures 3(a) and (b), respectively. BTO/
LSMO/ quartz (100) structure shows small amplitude while
hysteretic behavior with 180° phase difference was observed
due to a preferred orientation of BTO (110) plane. Memristive
characteristics were determined using DC bias sweep and an
operating cycle as shown in ﬁgures 3(c) and (d) by I–V
measurement of metal TE (Hg liquid drop)/FTL/semiconductor BE structure. After we put Hg liquid drop on
BTO/ LSMO/ quartz (100) surface, tungsten tips contacted
3

Nanotechnology 27 (2016) 215704

H-S Lee et al

Figure 3. Hysteretic behavior of BTO/ LSMO/ quartz (100): (a) amplitude and (b) phase signals. (c) I–V characteristic of Hg/BTO/LSMO/
Au (contact electrode) by DC bias sweep. (d) Memristive effect measurement program and (e) memristive characteristics of Hg/BTO/
LSMO/Au (contact electrode) at various read voltages.

the valence-band maximum (VBM) of the BTO layer and the
Fermi level of the LSMO p-type semiconductor layer
increased due to the downward polarization. Concurrently,
the potential barrier height corresponding to the energy distance between the electron afﬁnity of the BTO layer and the
Fermi level of LSMO decreased. As suggested by the ferroelectric polarization direction, the HRS showed the opposite behavior. Therefore, the relatively higher absorption rate
of the HRS originated from the relatively smaller energy
distance between the VBM of the BTO layer and the Fermi
level of LSMO. As a result, changes occurring near the
interface between the LRS and HRS slightly alter UV–Vis
absorption spectra. Memristive effect (RS) and UV absorption differences detected in this study were small. However,

HRS regardless of the polarization direction. However, the
charge-carrier density changed according to ferroelectric
polarization direction and screened the ferroelectric polarization in the presence of a potential barrier near the interface
(charge-screening effect, ﬁgure 4(b)) [23, 24]. When LSMO
is considered as a p-type semiconductor, an increase in the
electron concentration and thus a decrease in the hole concentration near the interface may occur to screen the downward polarization of the ferroelectric layer. In addition, the
charge-screening length ‘δ’ depends on the carrier concentration in the LSMO semiconductor. Therefore, it
remained the same for the LRS and HRS regardless of the
ferroelectric polarization direction while the potential barrier
height varied. For the LRS, the energy difference between
4
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