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This study investigates bipolar resistance switching memory in a fabricated Pt/GaO/TiN device. Gallium
oxide sputtered in ambient Ar shows a change in resistance ratio of two orders of magnitude. The enhance-
ment of resistance ratio is also observed in the gallium oxide layer when deposited in ambient Ar/O,. The
X-ray photoelectron spectroscopy analysis shows that this gallium oxide in ambient Ar/O, can reduce the
number of defects and enhance the stability of switching behavior. An analysis of current transport mecha-
nism in the high resistance state indicates that the larger effective thickness can be attributed to the higher

oxygen concentration, and can increase the resistance value of the high resistance state.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the development of nonvolatile memory has been in-
fluenced by device dimension scaling. When devices are continuously
miniaturized, the tunneling oxide of the floating-gate memory will
become thinner [1]. Consequently, the stored charges can leak back to
the substrate and lead to a loss of stored information [2-5]. In order to
solve this problem, the next generation non-volatile memories must
be developed, such as ferroelectric random access memory [6], magnet-
ic random access memory [ 7], phase change random access memory [8],
and resistance random access memory (RRAM) [9]. RRAM has attracted
considerable interest due to its advantages of simple structure, low
energy consumption, higher operating speed and higher endurance
[10-14]. Therefore, many studies of promising materials have been
reported, such as organic materials [15] and transition metal oxides
[16-21].

2. Experiment

The substrate used in this experiment was TiN/SiO,/Si, with the
200-nm-thick SiO, (low temperature oxide, LTO) deposited on the
TiN. Moreover, we defined the size of via (4x4 um) by etching the
LTO layer. Secondly, a 23-nm-thick GaOy insulator layer was deposit-
ed on the previous substrate by sputtering a Gag 40 target at room
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temperature in ambient Ar (30 sccm), and labeled as sample A. In ad-
dition, a 22.7-nm-thick GaO, was also deposited on the substrate in
Ar/0O, (30 sccm/10 sccm) for comparison as sample B. The sputtering
power, deposition rate and working pressure were set to 150 W,
23 A/min and 0.53 Pa, respectively. Finally, the Pt/GaO,/TiN device
was completed by capping the top electrode (Pt) on the GaOy
shown in the inset of Fig. 1. The resistive switching characteristics
of Pt/GaOy/TiN were measured by an Agilent B1500 semiconductor
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Fig. 1. The forming process of samples A and B. Inset is the Pt/GaO,/TiN device schematic
diagram.
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Fig. 2. The bipolar switching characteristics of samples A and B. Inset is the 100 cycle
endurance characteristic, which is swept by DC voltage.

parameter analyzer, and the composition of the gallium oxide film
was analyzed by X-ray photoelectron spectroscopy (XPS, JEOL JPS
9010 MX). The spectrometer source of Al Ko (1486.6 eV) radiation
was used for XPS analysis. All of the peaks shape and parameters
were fitting by using the software of XPSPEAK (Version 4.1) with
Lorentzian-Gaussian functions. In addition, before gathering the XPS
signal, the sample surface had been cleaning by argon ions beam.
The beam voltage and beam current were 500 V and 8 mA, respectively.
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Fig. 4. The resistance switching mechanism of Pt/GaOy/TiN during (a) the forming
process and (b) the set and reset process.
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Fig. 3. The current transport models for sample B for (a) Ohmic conduction and (b) Schottky emission. The resistance values of (c) LRS and (d) HRS are observed at temperatures

ranging from 300 K to 400 K.


image of Fig.�3
image of Fig.�4

202 J.-B. Yang et al. / Thin Solid Films 529 (2013) 200-204

(@) 1500 (b) 2500

A Experiment A A Experiment
== == Simulation == == Simulation
- 2000 Background - 2000 F Background
- e Peak 1 o Ga-0 e Peak 1
E 1500 Caxt) E 1500 -(529.5 ¢V
e <3N0 T o SO ol
g (529.5eV) Gao, S ( Ga0 40,
= . Z 1000 |
E‘ 1000 O 1 S z 00 O 1s
= E
500 - 500
0 p—— ' s u T T r 1 '
527 528 529 530 531 532 533 527 528 529 530 531 532 533
Binding Energy (eV) Binding Energy (eV)
(©) 900 (d) 900
/A Experiment Ga-0 A Experiment Ga-0 )
o= == Simulation (19.2 eV) o= == Simulation %R (19.2 V)
= — l[facll:glmund GaO, g llzacll:glround Y 4 Ga0+0,
2 | cm— ea & _— ea -
= el [ 7 Ga 3ds, £ 0 — Peak2 / Ga 3ds,
=] ¢ S ﬁ =
=2 -
= Ga-Ga ‘Kl z Ga-Ga A
@ . @ .
S 300 _(182 C‘) § 300 _(]8.2 e\) ﬁ
= =
\
0 . . : . 0 . . ‘ .
16 17 18 19 20 21 16 17 18 19 20 21
Binding Energy (eV) Binding Energy (eV)
Fig. 5. XPS analysis of (a) O 1s for sample A, (b) O 1s for sample B, (c) Ga 3ds, for sample A and (d) Ga 3ds, for sample B.
3. Results and discussion state (LRS). By sweeping voltage from 0 V to — 1.6 V, the resistance

state is switched from LRS to high resistance state (HRS), named
In this work, the voltage was applied on the TiN electrode and the reset process. Subsequently, the set process is employed to switch

Pt electrode was grounded. A + 10 V was applied with a current com- the LRS by sweeping from 0 V to 2 V with a current compliance of
pliance of 1 pA on both samples A and B for the purpose of device ac- 10 mA.
tivation, namely the forming process. The voltage where the current Fig. 2 shows the resistive switching behavior of the gallium oxide

increases abruptly is defined as the forming voltage. Fig. 1 shows film. The resistance ratio extracted at 0.2 V is approximately 2 orders

that the forming voltage of sample A (6.2 V) is lower than that of of magnitude for sample A (in black), and is enhanced to about 2.5

sample B (7 V). Since the conduction paths are constructed during orders for sample B (in red), as shown in Fig. 2 and its inset. Through

the forming process, the resistance state is switched to low resistance this statistical comparison, the switching behavior of sample B can be
clearly seen as being more stable.

-10.0 In order to investigate the resistive switching behavior, the carrier
transport mechanisms are analyzed. The analysis result indicates that
the current of sample B is dominated by Ohmic conduction and by
Schottky emission in LRS and HRS, respectively, as shown in Fig. 3(a)
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= conduction path ruptures and the switching layer is formed. When volt-
N: -11.5 age is applied to the TiN electrode, the electrons in the conduction path
= acquire enough energy to overcome the barrier height between the
E’ 120t Fermi level of the conduction path and the GaOy conduction band, as
= shown in the inset of Fig. 3(b). Moreover, the carrier transport mecha-

125+ ® Experimental Curve nisms of sample A are similar to that of sample B. In order to study

the resistance switching mechanisms, the resistance variation trends
-13.0 ; ; for LRS and HRS are observed at temperatures ranging from 300 K to
0.3 0.4 0.5 0.6 0.7 400 K. The decreasing resistance value of LRS with the rising tempera-
Vo5 ture indicates that conduction paths have a semiconductor-like (oxygen

vacancies) property [23], as shown in Fig. 3(c). Furthermore, the con-

Fig. 6. The current transport models of Schottky emission for sample A. duction mechanism can be confirmed to be the Schottky emission

— Fitting Curve



image of Fig.�5
image of Fig.�6

J.-B. Yang et al. / Thin Solid Films 529 (2013) 200-204

from the decreasing resistance in HRS while temperature rises, as
shown in Fig. 3(d).

According to the analysis above, we can conclude that the current
transport mechanism of the Pt/GaO,/TiN structure is related to oxygen
vacancies [22,23], and a model responsible for the conduction mecha-
nism is therefore proposed. Fig. 4 shows the resistance switching
behaviors of the Pt/GaOy/TiN structure. During the forming process,
when applying a positive voltage on the TiN electrode, the oxygen va-
cancy conduction path is formed due to the break of the Ga— O bonds
by high energy electrons, as shown in Fig. 4(a). Subsequently, the
oxygen ions migrate toward the TiN because of the electric-field direc-
tion and are reserved in the TiN electrode. When a negative bias is
applied, the oxygen ions move away from the TiN/GaOy interface and
re-combine with the oxygen vacancies along the conduction path. As
a result, the resistance value is switched to HRS because the switching
layer is formed between TiN and the conduction path. Conversely,
when an enough positive bias is applied, the Ga—0O bonds in the
switching layer can be broken by energetic electrons and further induce
the re-formation of oxygen vacancies, as shown in Fig. 4(b).

In order to investigate the formation of the GaOy film, X-ray pho-
toelectron spectroscopy (XPS) analysis was performed. Fig. 5(a) and
(b) shows the XPS analysis of O 1s (529.5 eV) [24]. Fig. 5 shows the
composition ratio of O bonding to Ga 3ds,, bonding in samples A
and B is 1:1.07. This result indicates that the oxygen concentration
of the GaOy layer in sample B is indeed increased by sputtering in
ambient Ar/O,. Fig. 5(c) and (d) shows the XPS analysis of Ga 3ds».
Using the Lorentzian-Gaussian functions analysis method, two peaks
are present in both samples for the Ga 3ds/, analysis. In Fig. 5(c) and
(d), those peaks are verified to be Ga—0O bonding (19.2 eV) and
Ga- Ga bonding (18.2 eV) [24]. In order to investigate the influence of
the additional oxygen atoms for the gallium oxide film, the composition
of Ga 3ds, bonding was analysis. The composition ratio of the resistive
switching layers can be identified by calculating the peak areas in the
XPS analysis, with results indicating that, in comparison to sample A,
the composition ratio of Ga—O bonding to Ga— Ga bonding increases
in sample B. The additional oxygen atoms in sample B enhance the
oxidation of Ga atoms, leading to the decreasing number of defects in
the gallium oxide film. This analysis indicates the switching behavior
of sample B is more stable because the additional oxygen can reduce
the defects in the gallium oxide and decrease the distribution of
conduction paths, as shown in the inset of Fig. 2.

In addition, as noted before, Fig. 3(b) shows that the conduction
mechanism of HRS is dominated by the Schottky emission. The thick-
ness of the switching layer is defined as effective thickness (de), as
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shown in Fig. 4(b), and can be estimated from the Schottky emission

equation: | = AT?exp {L W] The effective thickness can

be estimated from the slope value g , /71— in the plot of In (%) ver-

Ameidyy

sus vV. The k, &; and defr are the Boltzmann constant, permittivity and
effective thickness of the resistive switching layer, respectively. The
slopes of samples A and B are extracted to be 8.01 and 7.53, as
shown in Fig. 6 and in Fig. 3(b). The estimated d.; of sample B is
about 2.53 nm, larger than that of sample A (2.23 nm). This result
indicates that the oxygen-rich composition of sample B can provide
sufficient oxygen ions to re-combine with the oxygen vacancies
among the switching layer. Hence, the effective thickness of sample
B is larger than that of sample A.

Fig. 7(a) shows the endurance over 10 cycles. When applying a
+1.2 V with a 400 ns pulse width, the resistance state is switched
from HRS to LRS. Conversely, the resistance state is switched from
LRS to HRS by the —1.6 V pulse with a 600 ns pulse width. The
obtained results reveal that both samples A and B can withstand at
least 10% cycles and still retain approximately 1.5 orders in their
respective resistance ratios. For the retention characteristics, after
the 10* cycle endurance test, the LRS and HRS for both samples
retains stable without degradation longer than 10%s at 85 °C, as
shown in Fig. 7(b).

4. Conclusion

In summary, we deposited a GaOy insulator by sputtering a
Gag.4006 target in ambient Ar (sample A), and in Ar/O, (sample B)
in order to enhance the concentration of oxygen atoms. The resis-
tance value of sample B is increased in HRS, because the additional
0, gas can provide sufficient oxygen ions to re-combine the oxygen
vacancies along the switching layer, and a larger effective thickness
can be formed. Furthermore, the switching behavior of sample B be-
comes more stable by reducing the defects in the gallium oxide.
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Fig. 7. (a) Endurance for 10* cycles as tested by AC sweeping, and (b) the retention for 10 s at 85 °C.
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