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In this work, the supercritical CO2 fluid mixed with cosolvents is introduced to terminate the traps
in electron-gun �e-gun� evaporation deposited silicon oxide �SiOx� film at 150 °C. After the
proposed treatment, the SiOx film exhibits a lower leakage current and a resistive switching behavior
that is controllable by applying proper voltage bias. The change in resistance is over 102 times and
the retention time attains to 2�103 s. It is also discovered that the resistive switching behavior
seemingly relates to the amount of traps. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2957655�

Since the first observation of bistable resistance states in
the 1960s, reversible and reproducible resistive switching
phenomena caused by applied electric field have been inves-
tigated widely to be used as resistive random access memo-
ries �RRAMs�. In recent years, many metal oxides and per-
ovskite oxides, such as Nb2O5, TiO2, and Nb-doped SrTiO3,
had been reported for RRAM applications.1–3 Nevertheless,
there are only a few studies mentioning the process of pro-
ducing RRAM at low temperature. In this study, the super-
critical fluid �SCF� technology is introduced to fabricate re-
sistive switching memory at 150 °C. The SCF is usually
utilized to extract impurity, dehydrate, and dry materials with
no damage.4–6 It also has been applied to deliver oxidant into
a metal oxide film to terminate electrical traps.7,8 Due to the
origin of bistable resistance states possibly caused by some
kind of charge traps,9,10 we would employ SCF technology to
make the e-gun deposited oxide own bistable resistance
states by varying the amount of traps.

The SiOx films with an average thickness of 5–7 nm
were directly deposited on p-type silicon wafers by e-gun
evaporation system using a pure SiO2 target. The chamber
pressure and the substrate temperature were maintained at
2�10−6 torr and 25 °C, respectively. These SiOx films were
split into three groups and treated with different post-
treatments. The first group was placed in a SCF system at
150 °C for 2 h, where it was full of 3000 psi supercritical
CO2 �SCCO2� fluid. The second group was immersed into a
pure H2O vapor ambience at 150 °C for 2 h, in a pressure-
proof stainless steel chamber. The third group was treated
with cosolvent added 3000 psi SCCO2 fluid �8 vol % ethyl
alcohol and 2 vol % H2O�. The H2O was taken as an oxidant
to passivate electrical traps in SiOx film. The ethyl alcohol
played a role of surfactant between nonpolar SCCO2 fluid
and polar H2O molecule for increasing the solubility of H2O
molecules in SCCO2 fluid. After different treatments, the Al
top electrode was thermally evaporated onto the surface of
SiOx through a circle-shaped shadow mask from the metal
insulator semiconductor �MIS� structure. Finally, the Al bot-

tom electrode was deposited onto the backside of p-type sili-
con wafers for the enhancement of voltage coupling. The
electrical characteristics of MIS structure were measured by
a HP 4156-A semiconductor analyzer.

Figure 1 shows the current density �J� of SiOx film that
was treated with pure 3000 psi SCCO2 fluid; the bias voltage
�VG� was applied on top the electrode with a grounded bot-
tom electrode. The plot of ln�J /E2� versus the reciprocal of
electric field �1 /E� for the current density in negative bias
condition is displayed in the top right inset of Fig. 1. A linear
dependence indicates that the trap-assisted tunneling �as the
schematic band diagram in the bottom left inset of Fig. 1�
dominated conduction mechanism while the negative bias
was larger than –0.8 V.11 The high leakage current reaching
about 10−1 A /cm2 implies that numerous traps are present in
the e-gun deposited SiOx film. In positive bias condition, the

a�Electronic mail: tcchang@mail.phys.nsysu.edu.tw.

FIG. 1. Plot of current density �J� vs bias voltage for the SiOx film that was
treated with 3000 psi SCCO2 fluid. Insets: �top right� the curve of ln�J /E2�
vs �1 /E� for the current density in negative bias condition, and �bottom left�
the schematic band diagram of trap-assisted tunneling in negative bias con-
dition, �bottom right� the schematic band diagram accounting for leakage
current generated from interface states in positive bias condition.
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electrons originate commonly from �1� the interface states,
�2� traps in depletion region, and �3� bottom electrode of
substrate.12 In this work, the generation of electrons from the
bottom electrode of substrate or the traps in the depletion
region is negligible because the substrate is p-type single-
crystal Si. Therefore, the saturatelike leakage current was
generated mainly from the interface states �as illustrated in
the bottom right inset of Fig. 1�, and it was limited by the
density of interface states and the carrier generation rate.
This limitation caused a lower leakage current in positive
bias condition. From these results, we revealed that the pure
CO2 molecule is ineffective to passivate traps.

The current curves of the H2O vapor treated SiOx film
are shown in Fig. 2�a�, and it expressed the high resistance
state initially. Interestingly, this SiOx film was detected to
exhibit a resistive switching behavior between high resis-
tance state �RH� and low resistance state �RL�, and the resis-
tance state is variable by applied bias voltage. The voltages
of switching resistance state are about 1.9 �from RH to RL�
and −1.8 V �from RL to RH�. The maximum ratio of the two
resistance states �RH /RL� is over 102 times, and the retention
property of the RH state at room temperature is displayed in
the inset of Fig. 2�a�. This phenomenon was never observed

for the pure SCCO2 fluid treated SiOx film. Additionally, the
leakage current was reduced obviously after H2O vapor
treatment. For realizing the reduction of leakage current, the
current density of the high resistance state in negative bias
condition was analyzed according to Poole–Frenkel �PF�
emission, shown in Fig. 2�b�. The linear trend indicates that
the PF emission dominated conduction mechanism. The PF
emission is owing to field enhanced thermal excitation of
trapped electrons in insulator onto the conduction band.13

The conversion of conduction mechanism from trap-assisted
tunneling to PF emission demonstrates the reduction of traps,
and it is attributed to the parts of traps in the SiOx film that
had been passivated by H2O molecule during the H2O vapor
process.14

Figure 3�a� shows the current curves of the SiOx film
that was treated with cosolvent added 3000 psi SCCO2 fluid.
After this treatment, the SiOx film also performed a resistive
switching behavior with higher voltages of switching resis-
tance state and longer retention time. Figure 3�b� shows the
plot of ln�J /E� versus square root of applied electric field
�E1/2� for the current density of the high resistance state in

FIG. 2. �a� Current curves vs bias voltage for the SiOx film that was treated
with H2O vapor. The inset shows the stability of the RH state at reading
voltage of 1 V. �b� Plot of ln�J /E� vs �E1/2� for the current density of the
high resistance state in negative bias condition. The inset shows the sche-
matic band diagram describing the PF emission.

FIG. 3. �Color online� �a� Current curves vs bias voltage for the SiOx film
that was treated with cosolvent added 3000 psi SCCO2 fluid. The insets
show the stability of the RH state at reading voltage of 2 V and the switching
operations for 1, 100, and 1000 cycles. �b� Plot of ln�J� vs �E1/2� for the
current density of the high resistance state in negative bias condition. The
inset shows the schematic band diagram including the SR emission �at low
electric field� and PF emission �at high electric field�.
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negative bias condition. The two-slope linear dependence in-
dicates that the conduction mechanism was dominated by
Schottky–Richardson �SR� emission at low electric field and
then dominated by PF emission while the negative bias was
larger than −2.4 V. The SR emission is independent of traps
and caused by electron exciting thermally across the poten-
tial energy barrier via field assisted lowering at a metal–
insulator interface.15 The low leakage current of 107 A /cm2

expresses that the traps were further terminated, i.e., the
SCCO2 fluid owns superior capability of delivering H2O
molecule into SiOx layer than H2O vapor. Although the PF
emission occurred at high electric field, a few traps re-
mained, but the proposed SCCO2 treatment is still sufficient
to improve the quality of the SiOx film.

From the above results, the resistive switching behavior
is apparently associated with the amount of traps. The au-
thors infer that the resistance variation perhaps resulted from
the movement of carrier in the SiOx gap,9 and the possible
diagram mechanisms are shown in Figs. 4�a� and 4�b�. Ap-
plying a positive bias enough to cause the tunneling of elec-
trons in the SiOx gap, the energy band diagram would twist
and lead to the change of resistance state from RH to RL.
Applying a negative bias enough to make these electrons
tunnel back, the resistance state would return from RL to RH.

If there are numerous traps present in the SiOx gap, such as a
pure SCCO2 fluid treated sample, these electrons might tun-
nel back without external bias, and thereby no change in
resistance is observed. On the other hand, if there are only a
few traps present in the SiOx gap, it is required to apply a
higher bias to shift the electrons, and a superior retention is
expected. Thus, in comparison with H2O vapor treated
sample, the SiOx film treated with cosolvent added SCCO2
fluid performs higher bias voltages of switching resistance
state and longer retention time.

In summary, the preliminary improvement on the e-gun
deposited SiOx film was obtained after H2O vapor treatment
as a result of passivating traps by H2O molecules. A further
study also demonstrated that the trap passivation efficiency is
optimized by the treatment of the SCCO2 fluid mixed with
ethyl alcohol and H2O, because SCCO2 fluid could more
effectively carry H2O molecule into the SiOx layer. Besides,
the reduction of traps would induce a reversible resistive
switching behavior. This phenomenon possibly resulted from
the movement of carrier in the SiOx gap, so the amount of
traps would influence the bias voltages of switching resis-
tance state and the retention time. By the proposed SCCO2
technology, it is promising for e-gun deposited SiOx to
achieve a full low temperature fabrication of resistive
memory.

This work was performed at the National Nano Device
Laboratories, Taiwan, The authors would like to acknowl-
edge the financial support of the National Science Council
�NSC� under Contract Nos. NSC 96-2120-M-110-001 and
NSC 96-2221-E-009-130-MY3. Also, this work was partially
supported by MOEA Technology Development for Academia
Project No. 95-EC-17-A-07-S1-046 and MOE ATU Program
No. 95W803.

1W. R. Hiatt and T. W. Hickmott, Appl. Phys. Lett. 6, 106 �1965�.
2C. Yoshida, K. Tsunoda, H. Noshiro, and Y. Sugiyama, Appl. Phys. Lett.

91, 223510 �2007�.
3W. Xiang, R. Dong, D. Lee, S. Oh, D. Seong, and H. Hwang, Appl. Phys.
Lett. 90, 052110 �2007�.

4C. W. Wang, R. T. Chang, W. K. Lin, R. D. Lin, M. T. Liang, J. F. Yang,
and J. B. Wang, J. Electrochem. Soc. 146, 3485 �1999�.

5B. Xie and A. J. Muscat, IEEE Trans. Semicond. Manuf. 17, 544 �2004�.
6P. T. Liu, C. T. Tsai, T. C. Chang, K. T. Kin, P. L. Chang, C. M. Chen, and
Y. C. Chen, IEEE Trans. Nanotechnol. 6, 29 �2007�.

7C. T. Tsai, T. C. Chang, P. T. Liu, P. Y. Yang, Y. C. Kuoand, K. T. Kin, P.
L. Chang, and F. S. Huang, Appl. Phys. Lett. 91, 012109 �2007�.

8C. T. Tsai, T. C. Chang, K. T. Kin, P. T. Liu, P. Y. Yang, C. F. Weng, and
F. S. Huang, J. Appl. Phys. 103, 074108 �2008�.

9M. J. Rozenberg, I. H. Inoue, and M. J. Sánchez, Phys. Rev. Lett. 92,
178302 �2004�.

10M. J. Sánchez, M. J. Rozenberg, and I. H. Inoue, Appl. Phys. Lett. 91,
252101 �2007�.

11M. Lenzlinger and E. H. Snow, J. Appl. Phys. 40, 278 �1969�.
12S. W. Huang and J. G. Hwu, IEEE Trans. Electron Devices 50, 1658

�2003�.
13W. R. Harrella and J. Frey, Thin Solid Films 352, 195 �1999�.
14T. Sameshima and M. Satoh, Jpn. J. Appl. Phys., Part 2 36, L687 �1997�.
15J. R. Yeargan and H. L. Taylor, J. Appl. Phys. 39, 5600 �1968�.

FIG. 4. �Color online� �a� A possible mechanism interpreting the resistive
switching behavior. �b� The conduction mechanism in positive/negative bias
condition with twisted band diagram �RL state�, where the dash line is the
original band diagram �RH state�.
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