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Undoped and Nb-doped Ba0.7Sr0.3TiO3 (BST) thin films were fabricated by RF magnetron

sputtering. The bipolar resistance switching behaviors of both thin films were observed with the

stable endurance by DC voltage sweep. Nb doping in BST influenced the defect distribution and

improved the uniformity of resistance switching random access memory (ReRAM) properties. The

defect distribution was strongly related to the resistance switching properties and the decrease in

the grain size caused by Nb doping made the oxygen migration more efficient. The oxygen

migration in BST was assisted by Nb dopants which increased the concentration of the non-lattice

oxygen in BST layer during ReRAM operation. VC 2012 American Institute of Physics. [http://

dx.doi.org/10.1063/1.4730400]

Although the tremendous needs for microelectronics

brought the rapid progress of memory technology, the con-

ventional microelectronics encountered the physical and

technical limitation. The alternatives of conventional mem-

ory devices should have the advantages of low power con-

sumption, fast operating speed, size scalability and

compatibility.1–15 Accordingly, the concepts of nonvolatile

memory devices which can overcome the fundamental limi-

tation of conventional microelectronics are suggested such

as magnetoresistive random access memory, polymer ran-

dom access memory, resistance switching random access

memory (ReRAM), etc.1 Among several next-generation

nonvolatile memory devices, ReRAM is getting the spotlight

in the semiconductor memory industry because of the con-

venient fabrication of metal-insulator-metal (MIM) struc-

ture.2 It is very important to clarify the basic ReRAM

operating mechanism for improvement of ReRAM perform-

ance. Although the several resistance switching models such

as variable schottky barrier model,11 space charge limited

emission model,16 and formation and rupture of filaments

model6,17 were suggested, the origin of the ReRAM mecha-

nism is still veiled. It seems hard to propose a compromise

for a universal ReRAM mechanism. Nevertheless, there was

consensus that the movement of oxygen vacancies plays an

important part in resistance switching and the defect control

inside the active layer can have a considerable impact on re-

sistance switching behavior according to the recent ReRAM

researches.18,19 Especially, the researches for ReRAM per-

formance improvement by introducing dopants to several

metal oxides have been reported consistently.20,21 Compar-

ing several reports, which focused on controlling the concen-

tration of oxygen vacancies by doping of impurities, our

research took a position on the importance of microstructural

change (i.e., grain size uniformity) by Nb dopants and inves-

tigated the relationship between the film microstructure and

ReRAM parameters.

In this research, we fabricated the undoped and Nb-

doped BST thin films by multi target sputtering system in

which three target materials (BaTiO3, SrTiO3, and Nb2O5)

were loaded and investigated the ReRAM properties of those

films. The migration of oxygen vacancies during resistance

switching was observed by x-ray photoelectron spectros-

copy. We also investigated the effects of Nb doping on the

resistance switching properties in Pt/BST/Pt ReRAM devices

and confirmed the evidence of the link between grain size

and resistance switching properties.

Undoped and Nb-doped BST thin films of 50 nm thick-

ness were deposited on a Pt/Ti/SiO2/Si substrate using RF

magnetron multi-target sputtering system having three ce-

ramic targets of BaTiO3 (BTO), SrTiO3 (STO), and Nb2O5

(purity: 99.999%, diameter: 4 in.). In order to obtain the dis-

tinct chemical composition of BST from pure BTO and

STO, the multilayer structure of STO/BTO was constructed

by the deposition of BTO and STO on Pt substrate in

sequence (Fig. 1). The thickness for the single unit layer of

STO/BTO was 10 nm. RF power and the growth time for the

deposition of each species were controlled to adjust the com-

position ratio of Ba to Sr (Ba:Sr¼ 7:3). The above deposition

of unit layer was carried out 5 times and a total layer thick-

ness was 50 nm. During the deposition, the temperature of

substrate was maintained at 300 �C for efficient intermixing

between each material. In case of Nb-doped BST film,

Nb2O5 deposition process was inserted between BTO deposi-

tion and STO deposition and the unit multilayer structure of

STO/Nb2O5/BTO was constructed. The working pressure

was 5� 10�3 Torr and the total flow rate of 20 sccm was

maintained by a mixture of Ar and O2 (Ar:O2¼ 3:1) during

a)E-mail: siwoo@kaist.ac.kr. Tel.: þ82-42-869-3918. Fax: þ82-42-869-
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the deposition. After the deposition, the undoped and Nb-

doped BST thin films were annealed at 700 �C for 1 h in tube

furnace in order to crystallize. Finally, the top electrodes of

Pt with the thickness of 100 nm and the diameter of 200 lm

patterned by metal mask were deposited by RF sputtering. A

scanning electron microscope (SEM, Hitachi S-4800, operat-

ing voltage: 15.0 kV) and x-ray diffraction (XRD, Cu Ka,

k¼ 0.15405 nm, Bruker D8 discover with GADDS) were

used to investigate the surface morphology and crystal struc-

ture, respectively. X-ray photoemission spectroscopy (XPS,

Thermo VG Scientific) was used to investigate the surface

properties of BST thin films. A conducting atomic force

microscope (C-AFM, Seiko SPA400, scan rate: 0.5 Hz) with

diamond-coated tip (Nanoworld CDT-FMR-10, force con-

stant: 2.8 N/m) was used to compare the microscopic electri-

cal change between high resistance state (HRS) and low

resistance state (LRS). The electrical measurement for typi-

cal I-V characteristic was performed by HP 4145B semicon-

ductor parameter analyzer with compliance current of 0.1 A.

Undoped and Nb-doped BST thin films were deposited

on Pt/Ti/SiO2/Si substrate by RF magnetron sputtering. We

sputtered the three different oxides, BTO, STO, and Nb2O5,

in sequence to obtain the desired composition of the thin film

through the solid intermixing between each species. The sim-

ilar deposition methods have already been used in inorganic

combinatorial research and it have already been reported that

inter-layer mixing of each species can be fully implemented

by heating during the deposition.22–25 Figure 2 shows x-ray

diffraction patterns of the undoped and Nb-doped BST thin

films and a few peaks of BST were observed at 2h¼ 36�,
46.5�, 67.5� indicating that polycrystalline BST layer was

obtained. The peaks of single BTO and STO were not

observed and it confirms that the inter-layer mixing was per-

formed efficiently.

The coincidence of the bulk composition and the surface

composition can also be the evidence of fully inter-layer

mixing. The quantitative analysis of each species from XPS

measurement was performed by the given equation

Cx ¼
Ix=SxX

Ix=Sx

;

where C is the atomic fraction of any constituent, I is the

number of photoelectrons per second, S is the sensitivity fac-

tor of any constituent, and x is the specific atom. The results

of XPS quantitative analysis are shown in Table I. The sur-

face atomic ratio of Ba, Sr, Ti, O, and Nb was quite reasona-

ble and similar to the bulk ratio. It was confirmed that the

thin films of the targeted composition were synthesized and

the inter-layer mixing was also proceeded normally.

Figure 3 shows the I-V Characteristics for Pt/BST/Pt

and Pt/Nb-doped BST/Pt ReRAM devices, respectively. The

voltage sweeping rate was 0.1 V/s and the current flow was

limited by the compliance current of 0.1 A. At first, a nega-

tive biased-voltage on top electrode was applied from 0 V

to�10 V before substantial resistance switching and this pro-

cess is called the forming process. After the forming process,

an applied voltage was swept from �7 V ! þ7 V ! �7 V

and two different leakage current states were clearly

observed. Both Pt/BST/Pt and Pt/Nb-doped BST/Pt struc-

tures showed the typical bipolar resistance switching

FIG. 1. Schematic diagram of Nb-doped BST layer fabrication with three

ceramic targets of BaTiO3, SrTiO3, and Nb2O5.

FIG. 2. XRD patterns of undoped/Nb-doped BST annealed at 700 �C.

TABLE I. Surface compositions of undoped/Nb-doped BST by XPS.

Undoped BST Ix/Sx Atomic percentage (%) Nb-doped BST Ix/Sx Atomic percentage (%)

Ba 61721.94 14.1 Ba 58338.77 13.8

Sr 24093.10 5.5 Sr 23801.00 5.6

Ti 92010.82 21.0 Ti 90344.59 21.4

O 260718.15 59.4 O 250449.65 59.2

Nb 0 0 Nb 2734.26 0.6
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behavior for which each resistance switching is occurred in

opposite voltage bias and the hysteretic windows of both

samples were maintained until 100 cycles. HRS to LRS tran-

sition was occurred under positive voltage bias and LRS to

HRS transition was occurred under negative voltage bias. In

case of undoped BST, the degree of the hysteretic window

change was larger than that of Nb-doped BST during 100

cycles. Figure 4 depicts the retention characteristics of

undoped BST and Nb-doped BST. HRS and LRS in both

thin films showed the stable maintenance under 0.5 V read-

ing voltage at room temperature. HRS/LRS ratio of undoped

BST was attained to the values of 30 and that of Nb-doped

BST was attained to the values of 50.

We analyzed the surface characteristics for as-deposited

and the electrically stressed undoped/Nb-doped BST under

67 V using x-ray photoelectron spectroscopy (Fig. 5). The

electrical stress of 67 V was applied to the whole surface

area of thin films using conductive atomic force spectros-

copy (C-AFM) tip before XPS analysis to observe the oxy-

gen migration. Two different peaks in XPS O 1s core level

spectra of undoped/Nb-doped BST were observed. O 1s peak

of undoped BST was fitted into two peaks at 528.53 eV and

530.61 eV. Similarly, O 1s peak of Nb-doped BST was fitted

into two peaks at 529.33 eV and 531.39 eV. The existence of

the peaks located in higher binding energy is due to non-

lattice oxygen deserting from the BST perovskite struc-

ture.26,27 The recent researches for ReRAM mechanism sup-

port the fact that the oxygen migration in the oxide layers

under electrical stress plays a key role for resistance switch-

ing.18,19 The peak intensity of non-lattice oxygen was

increased after 10-cycles resistance switching operation in

undoped/Nb-doped BST and the considerable amount of

non-lattice oxygen compared with that of lattice oxygen is

the evidence of the oxygen migration during the resistance

switching. It is noteworthy that the increase of non-lattice

oxygen after electrical stress was much more remarkable

FIG. 3. Hysteretic I-V characteristic curves of (a) undoped BST and (b) Nb-

doped BST with the various cycle numbers.

FIG. 4. The retention characteristics of undoped BST and Nb-doped BST

thin films at room temperature as measured at 0.5 V.

FIG. 5. XPS spectra of O 1 s electrons after AFM tip induced electrical

stress for (a) undoped and (b) Nb-doped BST.
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when Nb dopants were introduced in BST. It is believed that

Nb dopants in BST make the oxygen migration more readily.

Current mapping images of undoped/Nb-doped BST by

C-AFM were obtained after electroforming process with

�10 V electrical stress. Figure 6 shows the changes of the

leakage current distribution (HRS ! LRS) with the altera-

tion of the voltage bias. The negatively charged tip of �7 V

produced the HRS state and the positively charged tip of

þ7 V produce the LRS state. The magnitude of the leakage

current in LRS was somewhat smaller than we expected. The

difference in the current magnitude between the I-V mea-

surement and C-AFM analysis is due to the contact resist-

ance difference. It is notable that the current path in LRS has

grain-like shape. Several research groups reported the leak-

age current mapping images using C-AFM which included

the sharp conducting filaments with a diameter of �3 nm and

also reported that the sharp conducting filaments were origi-

nated from the crystal defects such as dislocation.12,28,29 In

FIG. 6. Current mapping images during

resistance switching operation under

67 V for (a) undoped and (b) Nb-doped

BST.

FIG. 7. Topology of (a) undoped/(c) Nb-doped

BST measured by AFM and surface morphol-

ogy of (b) undoped/(d) Nb-doped BST meas-

ured by SEM.
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contrast, we observed a few blunt current paths under nega-

tively charged electric field. It is similar to the result of

C-AFM tip induced resistance switching in tungsten oxide

thin films.30 The preferential conduction through grain seems

to be caused by the dominant combination of oxygen with

oxygen vacancies along the grain boundaries during the

post-annealing process and an oxygen-poor region was

formed at the inner part of grains.31 The conducting paths of

undoped and Nb-doped BST thin films were randomly dis-

tributed over 1 lm2 area and there has been a slight improve-

ment in the homogeneity for size of the conducting paths

when Nb was doped in undoped BST thin films. The surface

morphologies of undoped and Nb-doped BST were measured

by AFM and SEM (Fig. 7), which can confirm that the devia-

tion of grain size and the mean grain size were decreased by

Nb doping. The mean size of grain was decreased by 20%

with Nb doping while the grain sizes of undoped and Nb-

doped BST were 2.809� 103 nm2 and 2.239� 103 nm2,

respectively. It is presumable that Nb atoms inside the BST

layer perform the role of nucleation site for grain growth and

restrain the heavy growth of grain during thermal annealing

process. It seems that the oxygen migration during ReRAM

operation occurs in defect sites and the uniform distribution

of defects by Nb doping improves the ReRAM properties of

BST such as stable resistance switching.

In summary, we investigated the reversible resistance

switching behavior of undoped/Nb-doped BST thin films

with Pt electrodes. Both thin films showed the typical bipolar

resistance switching behavior with the stable endurance and

the resistance differences between HRS and LRS were

clearly identified. The creation and destruction of conductive

paths were observed during ReRAM operation by C-AFM

current mapping images. Nb doping effect in BST was inves-

tigated and Nb dopant influenced the defect distribution and

improved the uniformity of ReRAM parameters. It seems

that the defect distribution is strongly related to the resist-

ance switching properties. The decrease in grain size caused

by Nb doping made the oxygen migration more efficient. Nb

dopants assisted the oxygen migration resulting in the

increase of the non-lattice oxygen in BST layer during

ReRAM operation.
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sity (WCU) program for the financial support (R-31-2008-

000-10055-0).
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