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ABSTRACT: Halide perovskite materials such as methylammonium lead iodide (CH3NH3Pbl3)
have attracted considerable interest for the resistive random-access memory (ReRAM)
applications which exploits a dramatic change in the resistance by external electric bias. In many
semiconductor films, the drift, accumulation, and chain formation of defects explain the change
in the resistance by external bias. This study demonstrates that the interface of CH3NH3Pblz with

TiO; has a significant impact on the formation and rupture of defect chains and causes the



asymmetric bipolar resistive switching in the Au/CH3NH3Pblz/TiO2/FTO device. When negative
bias is applied to the Au electrode, iodine interstitials with the lowest migration activation energy
moves toward TiO> in CH3NH3Pbls layer and pile up at the CH3NH3PbI3-TiO; interface. Under
the same condition, oxygen vacancies in TiO; layer also travel to the CH3NH3Pbl3-TiO> interface
and strongly attract iodine interstitials. As a result, Schottky barrier appears at the CH3;NH3Pbl;-
Ti0O; interface and the resistance of Au/CH3NH;3Pbl3/TiO2/FTO becomes much larger than that
of Au/CH3NH3PbIz/FTO in the high resistance state. Frequency dependence of the capacitance
confirms the asymmetric appearance of large space charge polarization at the CH3NH3PblI3-TiO»
interface, which causes the unique bipolar resistive switching behavior with the on/off ratio (10°)

and retention time (> 10* seconds) at — 0.85V in Au/CH3NH3Pbl3/TiO2/FTO film.

Introduction

The resistive random-access memory (ReRAM) devices have been developed as promising next-
generation nonvolatile memory devices in future memory technology due to its simple device
architecture, fast operation, and low power consumption.!” To read, write and store data in a
same device, ReRAMs use semiconductor or dielectric materials which show hysteresis in
current — voltage relation. The resistive switching mechanism is explained by the conductive
filament formation of ions and defects,*> and the electrochemical reaction at the interface.®’ The
ReRAM device has a sandwich structure which is composed of a dielectric layer and two
neighbor conducting layers. The switching of resistance is observed in several types of materials
including group IV and III-V semiconductors, organic compounds and inorganic materials, but

the non-volatile behavior is found mainly in the binary metal oxides.®1°



Recently, organic-inorganic hybrid perovskite materials such as methylammonium lead
iodide (CH3NH3Pbl3) have attracted intense interest from scientists and engineers due to the
intriguing properties such as high absorption coefficient, convenient bandgap tunability, and long
diffusion length of charge carriers.!'"!"> These unique materials properties have a potential to
build new photovoltaics (PVs),!*!® light-emitting diodes (LEDs),'”!” field effect transistor
(FETs),?° radiation detectors,?! and lasers.?? Furthermore, certain defects of hybrid perovskite
materials, which have a low formation energy, have been also explored. Defects migration and
charge trapping in the hybrid perovskite film have a negative impact on the carrier extraction

phenomenon and power conversion efficiency of PVs and LEDs.?**

However, the defect drift or migration in the hybrid perovskite materials can be positively
utilized to design a novel memory device.?>3! Because of these mobile ions and defects, I-V
curve of the hybrid perovskite film exhibits hysteresis which enables ReRAM devices. Mixed
halide perovskites such as CH3NH3;Pbl;xBrx and CH3NH3Pbl3.xClx have been investigated to
improve the properties of resistive switching memory.?>® Due to the lower formation activation
energy and migration activation energy of bromide vacancies (Vs ), the increase in Br content of
CH3NH;Pbl;.«Bry decreases the onset voltage of the device.?> The precise resistive switching
mechanism of the hybrid perovskite materials depends on their electrode materials. Inert
electrode materials such as Au and Pt in contact with the perovskite layer only provide the
transport path for charge carriers. Therefore, the intrinsic defects such as iodine interstitials and
vacancies cause the resistive switching behavior.?>?” However, reactive metals such as Ag and
Cu can form the second phase such as Agl and be doped into the perovskite near the
electrode/perovskite junction.>? These reactive ions transport under electric field and dominantly

contribute to the resistive switching behavior of the hybrid perovskite.?%?



An important factor that can influence the carrier transport and defect migration of the
halide perovskite film is the CH3NH3Pbl; — electrode interface. The TiO, - CH3NH3Pbls
interface affects the power conversion efficiency of the perovskite solar cells due to the
capacitive effect, charge trapping, and ion accumulation at the TiO2 - CH;NH;3Pbl; interface.?’
Interface trap states cause the accumulation of electric and ionic charges. This space charge, in
turn, inhibits electrons extraction from the perovskite to TiO..>*3°> However, the effect of the

interface on the carrier transport of ReRAM devices has not been systematically studied.

Herein, we study how the interface between the hybrid perovskite and oxide layers
affects the transport of charge carriers and point defects by comparing two different multilayer
films (Au/CH3NH;3Pbl3/TiO2/F doped SnO> (FTO) and Au/CH3NH3Pbl;/ FTO). The inert Au
was used as a top electrode to prevent electrochemical reaction with perovskite layer from the
Au electrode. It is found that an addition of TiO: layer between CH3NH;3PbI and FTO increased
Schottky junction barrier height at the interface when the negative bias is applied to the Au
electrode. Strong electrostatic attraction between I’ and Vo caused the larger space charge
polarization and higher on/off ration (10°), and reliable retention time, over 10* seconds in the
Au/CH3NH3PbI3/TiO2/FTO structure. The space charge of ions which are electrically bound to

the TiO; — perovskite interface leads to a very asymmetric I-V curves.

Results and Discussion

The device schematic of the Au/CH3NH3Pbl3/TiO2/FTO structure are shown in Figures la. A
cross-sectional SEM image of 200 nm thick CH3NH3Pblz perovskite film deposited on TiO2 (20
nm)/FTO substrate is also shown in Figure 1b. The CH3NH;3Pbl3 perovskite layer was uniformly

crystallized on the TiO> layer without pin-holes. Figure 1c shows that the perovskite layer



consists of grains with the size of 325 nm on average. XRD patterns of the
CH3NH3PbI3/TiO2/FTO structure in Figure 1d exhibit strong peaks of the perovskite phase at
14.1°, 28.5°, and 31.9°, which are assigned to the tetragonal structure of (110), (220), and (312)
planes. No impurity peaks were observed from the formation of the perovskite structure on the
TiO2/FTO substrate. Each main peak of anatase and rutile TiO> from the standard spectrum
exhibits at 25.28° (JCPDS no.:21-1272 for anatase) and 27.45° (JCPDS no.: 21-1276 for rutile),
respectively. However, diffraction peaks of TiO> were not observed from the TiO»/FTO
substrate, suggesting that low temperature ALD deposition of TiO; results in an amorphous

structure.36-38
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Figure 1. (a) A schematic of the device structure: Au (top electrode)/CH3;NH;3Pbl3/TiO/FTO (bottom electrode), (b)
cross-sectional and (c) plan SEM images of the device, (d) XRD patterns of the CH3NH3Pbls layer fabricated on the

Ti0,/FTO substrate.

Figure 2a and 2b show I-V  curves of Auw/CH3:NH3Pbl3/FTO and
Au/CH3NH;3PbIz/TiO2/FTO. The insertion of TiO> layer results in a very asymmetric switching

behavior. For I-V curve measurement, electric bias with a sequence of 0 V—>2V -0V — -2



V — 0 V was applied to the Au electrode. During the I-V curve measurement, the FTO substrate
was grounded. As the voltage sweeps from 0 V to 2 V, a sudden increase in current is found at
0.85 V. This process is called a “SET” process, as the resistance state of the device changes from
an initial high resistance state (HRS) to a low resistance state (LRS). After the device turned to
LRS, electric current remains. At V = -1.4 V, the resistance state switches to a high resistance
state (HRS), which is called “RESET” process. On the other hand, the Au/CH3NH3Pbl3/FTO
device exhibits a more symmetric I-V curve with the set voltage at 1.4 V and the reset voltage at
-1.1 V. Since the Au/CH3NH;3Pbl3/FTO structure does not have a TiO, layer, it has lower

resistance than the Au/CH3NH3PblIs/TiO,/FTO structure in HRS.
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Figure 2. I-V curves of (a) Au/CH3NH3PbI3/FTO and (b) Au/CH3NH3PbI3/TiO»/FTO devices and (c) and (d) are
their retention characteristics at LRS and HRS. Schematic diagrams corresponding to stages (1) — (4) in Figure 2(b)

are (e-1), (e-2), (e-3), and (e-4).



Table 1. I(LRS)/I(HRS) values of Au/CH3NH3PbIz/FTO and Au/CH3NH3PblI3/TiO2/FTO at 0.85 V and -0.85 V.

I(LRS)/I(HRS) at 0.85V  I(LRS)/I(HRS) at -0.85 V

Au/CH;NH3PbIz/FTO 13.27 11.13

Au/CH3NH;3Pbl3/TiO2/FTO 31.43 1530.71

Table 1 shows I(LRS)/ I(HRS) of Au/CH3NH;3PbIs/FTO and Au/CH3NH3Pbl3/TiO2/FTO
at 0.85V and -0.85V, which quantifies the asymmetry of the Au/CH3NH3Pbl3/TiO2/FTO
structure. It is noted that I(LRS)/I(HRS) is the largest when the negative bias is applied to
Au/CH3NH3PbI3/TiO2/FTO. Figure 2¢ and Figure 2d show the retention performance of two
devices, which is another good performance indicator of the ReRAM device.* The test for both
devices were conducted at -0.85 V of LRS and HRS. They presented unchanged values of LRS
and HRS over a period of 10* s. This is comparable to a recent result which reported an organic-
inorganic perovskite memory device with a retention time over 10* s, which exhibits a good
stability of the device.?> 27253740 [V and retention characteristics in Figure 2 suggest that the
interface between CH3NH3Pblz and TiO: influences on the resistive switching mechanism. As a

result, the Au/CH3NH3PbIz/TiO2/FTO structure exhibits a more asymmetric resistive behavior.

Additional cyclic measurements were performed in Figure 3a and 3b and both devices
showed good endurance stability until 350 subsequent I-V sweeps. The first and the subsequent
cycle showed the same Vsgr and Vgreser in both devices without electroforming process as

1.41

shown in Figure S1.*' This is because high defects (Vi) and (Ii") concentrations, which are ~5 x

10%° cm? (V1) and ~5 x 10'¢ em™ (I7'),*? in the CH3NH;3PbI; layer can form a conductive path at



low voltage. Moreover, 50 devices of Au/CH3NH3Pbl3/FTO and Au/CH3:NH3Pbl3/TiO»/FTO
structure were measured to examine the reproducibility of working cells. Set voltage (Vser) and
reset voltage (Vreser) of these 50 devices are shown in Figure 3c and 3d. The variation of the

performance is small. These results indicate that the devices can be potentially utilized in

nonvolatile memory applications.
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Figure 3. I-V curves of (a) Au/CH3NH3PbI;/FTO and (b) Au/CH3NH3Pbl3/TiO2/FTO devices through 350

successive cycles. (c¢) and (d) are their probability distribution for 50 different devices.

The physical origin of the asymmetric I-V curve is related to how defects are
accumulated at different interfaces. The switching mechanism of the halide perovskite is
explained by the formation and rupture of the defect chains.?>?® Out of several vacancies (Vi
VmMa, Vpb), interstitials (Pbi, MAj, I;), and antisites (Pb;, Ipp), V1 has the low formation energy and
the highest defect concentration. In addition, the migration energy of I; (0.15 eV) and Vi (0.25
eV) is much lower than that of Pb** (0.84 eV) and CH3NH;" (2.31 eV) in the CH3NH3Pbl;

layer.**** Therefore, abundant and mobile Vi and I’ defects set a conductive pathway under



external bias and the perovskite layer turns from HRS to LRS. The conduction mechanism of the
film has been described with hopping of injected electrons.*> % It is because Vi defects play a
role of trap sites in the CH3NH3Pbl; layer below the conduction band of CH3NH3Pbls. Once the
mobile Vi defects form a continuous chain, Vi provides a conductive path for the injected
electrons. Trap-to-trap hopping of electrons at nearby Vi defect sites turn the perovskite layer to
LRS. To reset the film from LRS to HRS, an opposite electric to rupture the conduction path.
Figure 2e schematically explains the migration and alignment of defects and Figures 2(e-1) —
2(e-4) correspond to the stage (1) — (4) of I-V curve of Au/CH3NH3Pbl3/TiO2/FTO in Figure
2(b). A main difference between Figure 2(e-2) and 2(e-4) is that the interstitial defects in the
perovskite layer can make a strong bond with TiO; in Fig. 2(e-4), since positively charged
oxygen vacancies in TiO2 can drift under DC bias.*’” However, Au/CH3NH3Pbls/FTO device
shows similar interstitials defect alignment at the Au - CH3NH3Pbls interface and CH3NH3Pbls —
FTO interface shown in Figure S2 (2) and (4). This is because interstitials defects have the same

bond strength with Au and FTO under DC bias.

When the negative bias is applied to Au, the oxygen vacancies move toward the
CH3NH3PbI3 - TiO» interface and hold the negatively charged iodine interstitials. In comparison
to the CHsNH3Pbls - Au interface [Fig. 2(e-2)], more Ii' are accumulated at the CH3;NH3Pbl; -
TiO; interface [Fig. 2(e-4)] due to the strong electric affinity between negatively charged Ii’ and
positively charge Vo . This I;' accumulation layer at the CH3NH3Pbl; - TiO interface can
produce space charge and increase the barrier height at the CH3NH3Pbl; - TiO, interface. In
contrast, when the positive bias is applied to Au, the most abundant Vi mainly forms the chain
and the most mobile I;' moves toward the Au electrode. Since the perovskite - Au interface is

Ohmic and there is no strong electrostatic attraction between Ii’ and Au, a part of Ii’ near Au does



not have a large impact on the resistance. The space charge effect at the CH3NH3PbI3-TiO>
interface also explains why I-V curve of Au/CH3NH3PbI3/FTO is much more symmetric than
that of Au/CH3NH3Pbl3/TiO2/FTO. In a case of Au/CH3NH3PbIz/FTO, the high electron
concentration of FTO shields Vo~ and the migration of Vo under the bias is not significant in
FTO. Hence, I’ may not be strongly bound to the CH3NH3Pbl; - FTO and the space charge is not

large enough to produce the very asymmetric I-V curve.

To further verify the effect of the ion accumulation on the energy barrier at the
CH3NH3PbI3-TiO2, CH3NH3PbI3-FTO, and CH3NH3Pblz-Au interfaces on the electron transport,
the unipolar resistive switching behavior is also measured at the compliance current of 100 mA.
Figures 4a - 4d show I-V curves of Auw/CH3NH3Pbl3/FTO and Au/CH3NH;3Pbls/TiO2/FTO
without flipping the polarity of external bias. Samples were not exposed to electric field before
this measurement. When the Au electrode is positively biased, characteristics of I-V curves of
Au/CH3NH;3PbIz/FTO and Au/CH3NH3PbIz/TiO2/FTO are similar, as shown in Figure 4a and 4c.
The switching from HRS to LRS occurs only for the first sweep. Once the samples reach the
LRS, subsequent unipolar sweep does not make samples return to the HRS. When the Au is
negatively biased, different switching behaviors are observed in Figure 4b and 4d.
Au/CH3NH3PbI/FTO switches from the HRS to the LRS during the first voltage sweep and
stays in the LRS during subsequent sweeps (Fig. 4b). However, the application of the negative
bias does not change Au/CH3NH;3Pbl3/TiO2/FTO from the HRS to the LRS (Fig. 4d). The
Au/CH3NH;3PbIz/TiO2/FTO maintains the HRS, though it is exposed to multiple unipolar sweeps
of the negative bias. In Figure 4d, it is also noted that the resistance of
Au/CH3NH;3PbIz/TiO2/FTO in the HRS is much larger than that of Au/CH3NH3PbIz/FTO in the

HRS. This suggests that the mobile ions (mainly Ii’) interact with CH3;NH;3Pbl3/TiO> and

10



CH3NH3PbI3/FTO very differently when the negative bias is applied to the Au electrode. Due to
the migration of Vo' in TiO2 under electric field, Schottky junction barrier of Ii can be formed at
CH;NH3Pbls/ TiO: interface, as schematically explained in Figure 4e.*® The accumulated charge
layer suppresses the electron transport from CH3NH3Pbl; to TiO; charges transport and prevents

the formation of the conductive Vi channels.
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Figure 4. (a), (b) unipolar I-V curves of Au/CH3NH3PbI3/FTO ((a) positive bias is applied to Au, (b) negative bias
is applied to Au); (¢), (d) unipolar I-V curves of Au/CH3;NH3PbIs/TiO2/FTO ((c) positive bias is applied to Au, (d)
negative bias is applied to Au); (e) a schematic on the band bending at the CH3;NH3Pbl3/Ti0O; interface under

negative bias applied to Au.
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An additional evidence to support that Schottky junction at the interface is modified by
addition of TiO> is provided by inserting the phenly-61C-butyric acid methyl ester (PCBM) layer
between the perovskite and FTO layers. TiO, and PCBM have a similar function to passivate the
surface of the perovskite layer. However, while the dielectric TiO> layer holds charged defects
on the surface under E-field, the conductive PCBM layer does not provide any additional charge

4547 Figure S3 shows no resistive switching behavior of the Au/

storage function.
CH3NH;3PbIz/PCBM/FTO device. This result indicates that a strong electrostatic attraction
between negatively charged Ii° and positively charge Vo under DC bias at the

CH3NH3PbI3/TiO>  interface  contributes to a  unique switching behavior of

Au/perovskite/TiO2/FTO device.

The space charge at the CH3NH3PbI3-TiO, interface was examined by measuring the
capacitance of the films as a function of the frequency. During the measurement, the external DC
bias ranging from -1.5V to 1.5V was also applied. Figure 5 shows the capacitance-frequency (C-
f) curves of Au/CH3NH3PbI;/FTO and Au/CH3NH3Pblz/TiO2/FTO. Large capacitance at the
frequency below 10 Hz is due to space charge polarizations resulting from the charge imbalance
at different interfaces, while the electronic and ionic polarization mechanism is responsible for

the capacitance at high frequency.*?
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Figure 5. Capacitance-frequency (C-f) curves of Au/CH3;NH3PbI3/FTO [(a) the negative DC bias to Au, (b) the
positive DC bias to Au] and Au/CH3;NH3PblI3/TiO2/FTO [(c) the negative DC bias to Au, (d) the positive DC bias to

Aul.

In Figures 5a and 5b, C-f curves of Au/CH3NH3PbIz/FTO under different positive and
negative bias are similar. This suggests that Au - CH3NH;3Pbls interface and CH3NH;3Pbl; - FTO
interface contribute similarly to the space charge polarization. However, C-f curves of
Au/CH3NH3PbI3/TiO2/FTO in Figure Sc and 5d exhibit the significant effect of external bias on
the capacitance. This indicates that the TiO> layer increases the space charge polarization and the
effect of TiO2 on the capacitance has the polarity. When the negative bias is applied to Au, an
increase in the absolute bias increases the capacitance. The accumulation of the negatively
charged iodine interstitials at the CH3NH3Pbl; - TiO; interface dramatically increases the space
charge polarization. This is attributed to the migration of Vo' in TiO, under DC bias.*’ Larger
negative bias applied to Au increases more migration of Vo to the TiO,-CH3NH;3Pbls interface

and hold more Ii’ by the electrostatic attraction. The accumulated I;" increases the space charge
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polarization of the film. The C-V curves support that the electrostatic force causes the
accumulation of Ii’ at the CH3NH3Pbls - TiO; interface if the negative bias (or positive bias) is
applied to Au (or FTO) rather than forming the defect chain. These accumulated defects which
work as Schottky barrier shows why the resistance of the Au/CH3NH3Pblz/TiO2/FTO at HRS has

the dependence on the direction of the external electric field.

Conclusion

In summary, we systematically studied how the CH3NH3Pbl; - TiO> interface asymmetrically
influences the resistive switching of the Au/CH3NH3Pbl3/TiO2/FTO device by changing the
formation and rupture of defect chains. When negative bias is applied to the Au electrode, iodine
interstitials with the lowest migration energy moves in CH3NH3Pblz toward TiO> and pile up at
the CH3NH3PbI; - TiO» interface. Under the same condition, oxygen vacancies in TiO; layer also
travel to the CH3NH3PbI; - TiO; interface, strongly attract iodine interstitials, and form Schottky
barrier at the CH3NH;3PbIs - TiO; interface. Consequently, the modified Schottky junction barrier
of the Au/CH3NH3PblI3/TiO2/FTO device reduces electric current at HRS when negative electric
bias is applied to Au. This leads to the higher on/off ratio, 10> and good retention time, > 10*
seconds during the resistive switching. Our study shows that the interface in contact with the
halide perovskite layer can control the appearance of the conductive chains and the bipolar

resistive switching behavior in the halide perovskite film.

Experimental Section

Preparation of TiO: film coated substrates. Before depositing the hybrid perovskite

layer, a half of FTO coated glasses (TEC15 from Pilkington) were coated with dense 20 nm thick
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Ti0; film using an atomic layer deposition (ALD) system. FTO coated glasses were cut and then
sequentially cleaned by acetone, deionized (DI) water, and ethanol for 15 min, respectively.
Tetrakis(dimethylamido)titanium (TDMAT) as a precursor was heated at 75 °C for a sufficient
vapor pressure. The temperature in the reaction chamber was kept at 60 °C  for the deposition
with the processing pressure ~ 0.2 Torr. High-purity N2 (flow rate, 20 sccm) was used as the
carrier and purging gas. The set-up program was as follows: 150 ms pulse of TDMAT, 10 s
purge of N2, 500 ms pulse of H>O, and 15 s purge of N» for every full cycle. TiO> layer was

grown with a deposition rate of 0.05 nm/cycle.

Fabrication of the device. Au/CH3;NH3Pbl/TiO2/FTO or Au/CH3NH;Pblz/FTO
structures were fabricated on TiO2/FTO/glass or FTO/glass substrates. A perovskite
(CH3NH;3PbI3) precursor was prepared by an adduct method, as reported previously.’® Lead
iodide (Pbl>), methyl ammonium iodide (MAI, CH3NHz3I), and dimethyl sulfoxide (DMSO) with
a molar ratio of 1:1:1 are dissolved in N,N-dimethylformamide (DMF) and then stirred for 45
min. This liquid solution was spin-coated on top of the TiO2/FTO at 4000 rpm for 25 s, and after
10 s, 0.5 ml of diethyl ether was rapidly dropped onto the substrates. The spin-coated samples
were annealed at 60 °C and 100 °C for 3 and 10 min, respectively. Finally, a 60 nm-thick Au

electrode was deposited on the shadow-masked perovskite film by the e-beam evaporation.

Characterization. The crystallographic information of deposited films was obtained by
X-ray diffraction (XRD; X Pert, PANalytical). The surface morphology and cross-sectional view
of the devices were examined using a field-emission scanning electron microscope (FESEM;
XL-30F, FEI). Current-voltage characterization and retention performance were measured by a
probe station at room temperature. An external bias was applied to the top Au electrode with the

FTO bottom electrode grounded in a voltage sequence of 0 V—>2V -0V —->-2V —->0V.
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