http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Electro-optical dual modulation on resistive switching behavior in

BaTiO4/BiFeO3/TiO, heterojunction

Jia-Jia Zhao(# £ 1), Jin-Shuai Zhang(ik 4:i1)?, Feng Zhang(ik#%)°, Wei Wang(F &), Hai-Rong He(fi i %)",
Wang-Yang Cai(4:7E )", Jin Wang(E i)

Citation:Chin. Phys. B . 2019, 28(12): 126801 . doi: 10.1088/1674-1056/ab54b4

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Emerqging properties of two-dimensional twisted bilayer materials

Yang Cheng(fiFH), Chen Huang(#£ ), Hao Hong(it¥#s), Zixun Zhao(#X 74ij), Kaihui Liu(X|JT 1)
Chin. Phys. B . 2019, 28(10): 107304 . d0i: 10.1088/1674-1056/ab3e46

Energy band alignment at Cu,0/ZnO heterojunctions characterized by in situ x-ray photoelectron
spectroscopy

Yan Zhao(# %), Hong-Bu Yin(Fil 1), Ya-Jun Fu(#f i %), Xue-Min Wang(E % #), Wei-Dong Wu(5% T7R)
Chin. Phys. B . 2019, 28(8): 087301 . d0i: 10.1088/1674-1056/28/8/087301

Analysis of displacement damage effects on bipolar transistors irradiated by spallation neutrons

Yan Liu(X)4), Wei Chen([44F), Chaohui He(%§14%), Chunlei Su(75#£2), Chenhui Wang(E £ #), Xiaoming Jin(£:H ),
Junlin Li(ZEZ %), Yuanyuan Xue (i 5 bt)

Chin. Phys. B . 2019, 28(6): 067302 . d0i: 10.1088/1674-1056/28/6/067302

Evolutionary algorithm for optimization of multilayer coatings

Mahdi Ebrahimi, Mohsen Ghasemi, Zeinab Sajjadi
Chin. Phys. B . 2018, 27(10): 106802 . d0i: 10.1088/1674-1056/27/10/106802

Optoelectronic properties of bottom gate-defined in-plane monolayer WSe, p-n junction

Di Liu(x1#i), Xiao-Zhuo Qi(f1% &), Kuei-Lin Chiu(58Z=%%), Takashi Taniguchi, Xi-Feng Ren({T-% %), Guo-Ping Guo(Zf [E
°F)
Chin. Phys. B . 2018, 27(8): 087303 . d0i: 10.1088/1674-1056/27/8/087303


http://cpb.iphy.ac.cn/EN/abstract/abstract75016.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract75016.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract74590.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract74329.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract74329.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract74048.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72834.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72500.shtml

Chin. Phys. B Vol. 28, No. 12 (2019) 126801

Electro-optical dual modulation on resistive switching behavior in

BaTiO3/BiFeO3/TiO; heterojunction®

Jia-Jia Zhao(BXf£4%)!, Jin-Shuai Zhang(7k4:J)?, Feng Zhang(7%#t)®, Wei Wang(E &))",
Hai-Rong He(fi[ i %%)!, Wang-Yang Cai(%4VEV¥)!, and Jin Wang(F i)'

1School of Computer and Communication Engineering, Changsha University of Science and Technology, Changsha 410114, China
2Schoo] of Engineering and Materials Science, Queen Mary University of London, London E1 4NS, United Kingdom
3Peking University Shenzhen Graduate School, Shenzhen 518055, China

(Received 8 August 2019; revised manuscript received 4 October 2019; published online 22 November 2019)

The novel BaTiO3/BiFeO3/TiO, multilayer heterojunction is prepared on a fluorine-doped tinoxide (FTO) substrate
by the sol-gel method. The results indicate that the Pt/BaTiO3/BiFeO3/TiO,/FTO heterojunction exhibits stable bipolar
resistive switching characteristic, good retention performance, and reversal characteristic. Under different pulse voltages
and light fields, four stable resistance states can also be realized. The analysis shows that the main conduction mechanism
of the resistive switching characteristic of the heterojunction is space charge limited current (SCLC) effect. After the
comprehensive analysis of the band diagram and the P—E ferroelectric property of the multilayer heterojunction, we can
deduce that the SCLC is formed by the effect of the oxygen vacancy which is controlled by ferroelectric polarization-
modulated change of interfacial barrier. And the effective photo-generated carrier also plays a regulatory role in resistance
state (RS), which is formed by the double ferroelectric layer BaTiO3/BiFeO3 under different light fields. This research is of
potential application values for developing the multi-state non-volatile resistance random access memory (RRAM) devices
based on ferroelectric materials.

Keywords: ferroelectric multilayer heterojunction, resistive switching characteristic, electro-optical dual mod-

ulation, multi-state resistance
PACS: 68.65.Ac, 73.40.Lq, 85.50.Gk

1. Introduction

Recently, with further research on the next generation
of non-volatile memory, resistance random access memory
(RRAM) is widely considered as a strong competitor to re-
place the current main stream charge-based floating gate flash
memory due to its simple structure, low power consump-
tion, high storage density, fast programming/erase speed,
compatible to the complementary metal-oxide semiconduc-
tor (CMOS) process, and many other advantages.!'?! It is no
doubt that there is much room for developing it as a kind of
memory with non-charge storage mechanism in the follow-
ing 32-nm technology nodes. At present, materials with re-
sistive switching characteristics have been found to be mainly
concentrated in metal oxide, such as HfO,, NiO, TiO,, and
so on.[>? Among all functional thin film materials, ferro-
electric compounds with perovskite structure have also at-
tracted great attention in RRAM, such as BiFeO3 (BFO),[6-8]
BaTiO3 (BTO), 191 and Bis_,Nd, TizO12 (BNT),['!] and so
on. Because these compounds have ferroelectric, dielec-
tric, and photovoltaic effects at the same time, which can
enrich the research contents of RS and expand its applica-
tion fields and methods, then they gradually become a hot
topic of RRAM.!'213] In particular, the BFO is the most con-
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cerned in them because of its superior ferroelectric and multi-
ferroelectric behaviors.[1314]

Study on ferroelectric RS behavior was most carried out
on the basis of electrode/ferroelectric thin film/electrode sand-

e,11°-17] while other studies have shown that the

wich structur
structure can significantly improve the RS behavior by in-
troducing suitable insertion layer and providing oxygen va-
cancy in the RS layer, and can also improve the stability of
conductive filament formation and fracture.!'2%! Ma et al.
studied!'®! the multilayer structure of TiO,/BaTiO3/TiO,, in-
dicating that the TiO; layer formed a large number of oxygen
vacancies and the introduction of TiO,/BaTiO3 interface lay-
ers plays a crucial role in determining the bipolar RS behaviors
with high consistency and stability.!?!! However, in the current
research work, there are few RRAM studies based on the com-
bination of metal oxide and ferroelectric materials or the ex-
cellent unique characteristics of using multilayer ferroelectric
thin films.

At the same time, the research on RS characteristics
is mainly for the single regulation mechanism of electro-
resistance modulation, and the realization of the optical-
resistance modulation characteristics has gradually attracted
one’s attention.!'>13] For Au/BFO/LSMO/STO heterojunc-
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tion, Zhang et al. obtained the high and low resistance state
through the modulation of pulse voltage with reverse polar-
ization, and the Ry/Ry, ratio can be modulated by controlling
the illumination condition, which indicates that the electro-
resistance dual modulation on RS characteristic is closely re-
lated to photovoltaic response.!??! It has been reported in the
literature>! that the BFO/BTO multilayer structure can ob-
viously enhance the ferroelectric and photovoltaic response
properties. Therefore, ultimately, it is quite probable to
achieve electro-optical dual modulation of the resistive switch-
ing behavior by taking advantage of the ferroelectric polariza-
tion properties and light response characteristics of ferroelec-
tric materials.

In this work, the BTO/BFO dual film is used as a fer-
roelectric RS material to improve ferroelectric properties and
light absorption efficiency and compared with the mono-layer

21221 thus improving the efficiency charac-

ferroelectric film,!
teristics of electro-optical dual modulation on RS behavior.
And a TiO; film acts as an oxygen vacancy layer which can
stabilize the heterostructure RS behavior. The heterojunction
of BTO/BFO/TiO, (BFT) is prepared by sol-gel technique of
low preparing cost, then the electro-optical dual modulation

on RS behavior of the heterostructure is further studied.

2. Experimental procedures

The BFO, BTO, and TiO; multilayers were prepared
by the sol-gel method, and the preparation process details
of BFO and BTO precursors were described in the relevant
literature.[>>*1 The prepared TiO,, BFO, and BTO precur-
sors were sequentially coated on the FTO substrate by spin
coating technology. The details of preparing the multilayer
heterojunction of BTO/BFO/TiO, and annealing process can
be found in Ref. [21]. The independent BFO and BTO films
for comparative study were prepared respectively by using the
same preparation process.

A square Pt top electrode of 0.5 mm x0.5 mm was pat-
terned on the as-prepared sample film surface with a shadow
mask, by using direct current (DC) magnetron sputtering at an
ambient temperature. The crystallographic structure and film
cross-section were confirmed by x-ray diffraction (XRD, D8
Advance, Bruker AXS, German) and scanning electron mi-
croscope (SEM), respectively. The sample RS characteristics
were measured under light condition by using Keithley 4200-
SCS. The polarization—voltage (P-V') hysteresis loops of fer-
roelectric films were obtained by a precise ferroelectric ana-
lyzer.

3. Results and discussion

Figure 1(a) shows the XRD patterns of functional layers
and the multilayer heterojunction prepared on FTO substrates.

The good polycrystals of these films are shown according to
the characteristic peaks of the XRD spectrum with a pure
phase. The BFO film has a typical hexagonal R3¢ space group.
The TiO; and BTO films have a typical anatase structure and
a perovskite tetragonal structure, respectively. The character-
istic peaks of the BFO, TiO;, and BTO films all appear in the
XRD patterns of the multilayer heterojunction, indicating that
all layers of the films coexist in the heterojunction. Mean-
while, according to the results in Ref. [21], the BFO and BTO
films show thickness of about 280 nm and 200 nm, respec-
tively, and clear grain profiles can be determined from the
cross-sectional image, which indicates that these films have
good crystallization.

Figure 1(b) shows the typical ferroelectric P—E hystere-
sis loop of the BFO film, BTO film, and the BFT heterojunc-
tion under the same conditions, where the inset shows the di-
agram of the structure and the electrical test of the device.
The figure shows that the remanent polarization (/) of the
BFO/BTO/TiO; heterostructure is of 11 uC/cmz, much higher
than those of the single BFO and/or BTO film, and the coercive
field voltage (V;) is 3.1 V. The improvement of the BFT het-
erojunction ferroelectric properties may be related to the small
leakage current characteristics of BTO film, which acts as an
insulating barrier between BFO film and Pt electrode, [24,25]
which can limit the leakage current of the BFO film, result-
ing in a large polarization and superior ferroelectric proper-
ties. However, the enhancement of the ferroelectric properties
of the heterojunction may also be related to interface stress

caused by the multilayers. [>124.26]
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Fig. 1. (a) XRD patterns and (b) room temperature ferroelectric P—
E hysteresis curves of bare BFO and BTO thin films and multilayered
BFT structure.

126801-2



Chin. Phys. B Vol. 28, No. 12 (2019) 126801

The RS properties of the BFT heterojunction are illus-
trated in Fig. 2. Figure 2(a) shows a typical RS characteris-
tic loop of the device, and the applied voltage sweep follows
the sequence: —4 V—0 V— +4 V— 0 V— —4 V forward
(reverse) bias is defined as a positive voltage applied to the
bottom (top) FTO electrode, corresponding to polarization di-
rection forward (downward), where the direction of arrow is
marked in turn, we can see that the structure shows bipolar RS
behavior from the /-V semi-logarithmic scale loop. With the
increase of forward bias, the sudden increase of current occurs
at about +-3.2 'V, and the switch resistance state changes from
high-resistance state (HRS) to low-resistance state (LRS) (de-
fined as the SET process), so we can infer that its changes are
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associated with ferroelectric polarization characteristics of the
structure. And when the applied voltage sweep follows the se-
quence of 0 V— —4 V— 0V, the RS characteristic turns from
LRS to HRS (defined as the RESET process). It is worth men-
tioning that the existence of defects concentrates some charges
in positive electric field, and these charges will form pinning
effect on polarization in electric field reverse, resulting in the
reversible polarization decreasing and the /-V loop opening
at —4 V. At the same time, the asymmetry between the upper
and the lower interface in the sample can also make the SET
voltage and Reset voltage asymmetric, so the reset voltage of

the heterojunction will be lower than —4 V.
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Fig. 2. (a) The I-V curves on semi-log scales for as-prepared Pt/BFT/FTO samples with 25 consecutive cycles, (b) device retention and fatigue
characteristics at ON/ OFF states, (c) RS characteristic under dark field and light conditions for as-prepared samples by increasing voltage
sweep range, with black symbols being for the -V curves in dark, and the red symbols the /-V curves under illumination, and (d) variations in
the junction resistances of the heterojunction with +4 V pulse voltage measured at 0.3 V in dark and illumination (illu.) conditions.

The SET-RESET process is repeated for more than 25
cycles under dark condition, and the results show that the
BFT device has high uniformity and stability of RS behav-
ior. The retention characteristics of HRS and LRS of the de-
vice are shown in Fig. 2(b), where the voltage of all the resis-
tance values is +0.3 V (see red curve). The resistance ratio
of Ry/Hy is about 120 with good retention, and the result is
better than the ratio of TiO,/BaTiO3/TiO, (about 10) reported
by Ma et al.!'%! Neither the resistance value of HRS nor the
resistance value of LRS is obviously degenerative in the reten-

tion time of 10° s, indicating the non-volatile characteristics.

With the retention time increasing, the currents of the LRS
and HRS show their fluctuation behavior. This current fluc-
tuation may be due to the migration of oxygen vacancies as
explained in the literature.[>!] As shown in the right part of
Fig. 2(b), the device’s HRS and LRS have almost no degra-
dation after 50 flips, indicating that the excellent non-volatile
and anti-fatigue characteristics of the device, which can meet
the requirements for information storage. The /-V loops of
the Pt/BFT/FTO heterojunction under the dark and illumina-
tion condition are shown in Fig. 2(c). The current loops un-

der the illumination (red curve, the light source wavelength
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is in a range of 330 nm-780 nm centered at 512 nm with
the power of 30 mW/cm?) obviously increase, indicating the
photo-resistance effect. To further study the electro-optical
dual modulation on the RS behavior, the junction resistance
time dependence property of the Pt/BFT/FTO heterojunction
in +4 V pulse polarization voltage and in dark condition and
illumination condition are measured with the read voltage of
40.3 V as shown in Fig. 2(d). Therefore, four stable resistance
states can be achieved.

Compared with the models of several RS mechanisms
currently accepted, several conductive models are used to fit
the typical /-V data of HRS and LRS to understand the pos-

sible conduction mechanism of RS behavior. As shown in
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Fig. 3(a), the In(7)-In(V') curve of HRS on the semi-log scale
shows that the linear fitting result of the current behavior ex-
hibits Ohmic conduction mechanism in low voltage region
(0 V=0.3 V), and the linear slope of its current with respect
to voltage is 1.1. The slope of voltage region (0.2 V-2 V)
is 1.7, which is approximately I o< V2 (n ~ 2)I" and can be
regarded as satisfying the Child Law. In high voltage region
(2 V=3.2 V), the slope is increased to 4.6, and based on this,
SCLC conduction mechanism can be explained.>?’! As for
the LRS under positive bias, Schottky emission dominates the
current, which is confirmed by In(I) o< Sqrt(V)[?8! (Fig. 3(b)),
indicating that Schottky barrier exists at the interface of mul-
tilayer heterojunction.
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Fig. 3. I-V curves in Figs. 2(a) and 2(c) to reveal their conduction mechanisms: (a) In(7) versus In(V) at HRS and (b) In(7) versus Sqrt(V)
at LRS in positive bias range (0 V=4 V), (c) In(I) versus In(V') in negative bias range (—4 V-0 V), and (d) In(I) versus In(V) in positive bias

region under illumination.

As shown in Fig. 3(c), the In(I)-In(V) relationship in
the negative bias range: its HRS exhibits Ohmic conduction
mechanism in the low voltage range, while the LRS exhibits
a Child conductance range and a linear relationship of I o< V3
in the high voltage range. This indicates that the negative bias
range also affects the SCLC conduction mechanism. The LRS
is mainly an Ohmic conduction mechanism, and a negative
differential resistance occurs in the high voltage range, which
also satisfies the SCLC conduction mechanism. This is con-
sistent with previously reported interface RS effect that oxy-
gen vacancy migration and carrier injection near the interface
play an important role in RS.[*”! Figure 3(d) shows the LRS

In(Z)-In(V) linear relationship with a slope of 1 in the pos-
itive bias region under illumination, indicating that the LRS
is completely consistent with the Ohmic conductance mecha-
nism. The In(7)-In(V') of HRS exhibits a piecewise linear rela-
tionship: the slope is 1 in the low voltage region, which is also
Ohmic behavior. When the voltage becomes slightly higher,
the slope increases, indicating that the conductivity mecha-
nism of HRS is the SCLC conduction mechanism. In view of
the above, the RS characteristics of the Pt/BFT/FTO hetero-
junction device are the result of the combination of the bulk-
limited conductance mechanism controlled by Ohmic conduc-
tance and SCLC conduction and the interface-limited mecha-
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nism controlled by Schottky emission effect.

Based on the above detailed experimental results, the fer-
roelectric polarization modulation effect on the depletion layer
width and the film interface barrier height are considered to
explain the RS behaviors observed in the Pt/BFT/FTO het-
erojunction. Since the work function of BTO (5.26 eV)B0
and TiO, (4.1 eV)BU are close to that of Pt and FTO!2!
respectively, it can be considered that both the Pt/BTO and
TiO,/FTO interface form a similar flat-band Ohmic contact.
Due to the volatilization of Bi ions, a p—n junction is formed
at the BFO/TiO; interface between n-type TiO, 3!l and p-type
BFO, 32! and its built-in field (Ep) direction is from TiO; to
BFO. Since the work function of BTO is greater than that of
BFO (WBFO = 4.7 eV),!43] the interface of BFO/BTO will
form a barrier. Therefore, the BFT heterojunction forms two
interface electric fields Ey; and Eyy; in the same direction, and
the direction is from FTO to Pt as shown in Fig. 4(a).

The randomness of ferroelectric polarization does not
contribute to ferroelectric polarization in the initial state, but
an interface barrier can be formed due to the difference in car-
rier concentration and the difference in work function at the
interface. And n-type TiO; is easy to form a large number of
oxygen vacancies after being annealed, while the oxygen va-
cancies are of crucial importance in reversible process of RS
behavior.[16-18.30]
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When the ferroelectric polarization is upward by apply-
ing a forward voltage (the bottom electrode FTO applied +6 V
bias), the negative polarization bound charges will accumulate
at the interface of TiO,/BFO, and the positively charged oxy-
gen vacancies in TiO, drift to the interface of TiO»/BFO, while
the electrons provided by the top electrode Pt pass through the
BTO and BFO layers into the interface of TiO,/BFO, and are
bound by the oxygen vacancies at the interface as shown in
the Fig. 4(a) which corresponds to the /-V characteristics of
the SCLC mechanism in the forward region in Fig. 3(a). The
depletion layer width of TiO,/BFO and BFO/BTO interface
are narrowed under the positive polarization, and the lower
barrier makes the carrier transition easier to change (as shown
in Fig. 4(c)). When a sufficiently high forward bias is applied
to a heterojunction, the oxygen vacancies under the action of
the electric field, can cross the interface and enter into the fer-
roelectric layer, and migrate toward and accumulate at the top
electrode of Pt, where TiO; is the source of a large number of
oxygen vacancies as shown in Figs. 3(c) and 3(d). Finally, the
conductive path from the bottom electrode FTO to the top elec-
trode Pt is realized and the LRS is gradually formed, which is
the reason why the current presents a sharp increase at 3.2 V
as shown in Fig. 2(a). Due to the function of BTO and BFO
ferroelectric films, the bound electrons cannot be released ran-
domly, so the samples show non-volatile property.
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Fig. 4. (a) and (c) Formation of LRS and energy-band of Pt/BFT/FTO heterojunction at LRS under dark condition. (b) and (d) Formation of
HRS and energy-band of Pt/BFT/FTO heterojunction at HRS under dark condition.

When the ferroelectric polarization is downward by ap-
plying a reverse voltage (+6 V bias is applied to the top
electrode Pt), the bound electrons in oxygen vacancies are
released, and the ferroelectric positive bound charges are

transferred to the TiO,/BFO interface. The oxygen vacan-

cies at the TiO,/BFO interface drift back to the TiO, re-
gion, and the conductive filament ruptures at the interface of
TiO,/BFO, 2!l as shown in Fig. 4(b). At the same time, the
built-in field increases and the depletion region at the interface
of TiO,/BFO and BFO/BTO widen, accompanied with up-
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ward band bending and enhanced Schottky barrier, that is, the
carriers are not easy to migrate, switching the cell back to the
HRS (Fig. 4(d)).Therefore, the oxygen vacancies migrating at
TiO,/BaTiO3 interface can be stabilized to form and rupture
the filament, thereby forming highly uniform RS characteris-
tics. In a word, it explains that the heterojunction achieves the
modulation of RS behavior by ferroelectric polarization.

When the BTO/BFO/TiO; heterojunction absorbs the
light energy greater than the band-gaps of the material, it forms
effective photo-induced electron—hole pairs, which are sepa-
rated by the build-in field and the depolarization field. As
shown in Fig. 2(c), another two resistance states can be formed
respectively under dark and illumination condition.!'%24]
Therefore, based on different polarization states and light con-
ditions, four different stable resistance states can be realized
as shown in Fig. 2(d).

4. Conclusions

In summary, we construct a Pt/BTO/BFO/TiO,/FTO het-
erojunction by using the sol-gel method. The resistive prop-
erties of the structure are studied, and the bipolar stable re-
sistance with good retention characteristics is also obtained.
The pulse voltage with alternately opposite polarization direc-
tions is used to realize the inversion of the resistive state of
the device, and the high- and low-resistances can be changed
by the light switch, thereby realizing the stable multi-stage re-
sistance state and the combination of the light-resistance and
the electric-resistance modulation effect. The resistive mecha-
nism of the structure can be summarized as follows: the SCLC
effect is controlled by oxygen vacancy defects, the depletion
layer and barrier height of the interface are regulated by dif-
ferent polarization electric fields, and thus producing a new
additional resistance of photo-controlled photo-generated car-
riers. The state increases the new dimension of device resis-
tance state regulation. Therefore, this study paves a new way
for the potential application of non-volatile resistance memory
with ferroelectric multi-configuration modulation.
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