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with the formation and (local) rupture of 
the CFs in the insulator layer of the MIM 
structure, [ 7–9 ]  which can usually be initi-
ated by the electroforming step, [ 10,11 ]  the 
random fl uctuations of RS parameters, 
such as the voltages for the switching and 
current levels in the low resistance state 
(LRS) and high resistance state (HRS), are 
somewhat inevitable. This must be more 
obvious for the cases where the CFs show 
distinctive phase transition from the insu-
lating mother phase, such as the Magnéli 
CFs in TiO 2 . [ 7,12 ]  In addition, the involve-
ment of the initial electroforming step, 
which is usually accomplished by adopting 
a voltage higher than the usual operation 
voltages, is generally unfavorable for the 
device fabrication and operation. There-
fore, seeking an RS mechanism that does 

not require an electroforming step, which could also eliminate 
the involvement of the prominent local CF mechanism, is an 
important task for the further development of the ReRAM or 
CBA devices. 

 The fabrication of selector devices for the random access 
of the memory cell in their array confi guration and integra-
tion with the RS memory devices is another crucial task for 
the successful development of the CBA. The CBA will evolve 
into the vertically integrated confi guration, which does not 
correspond to the multiple stacking of two-dimensional 
CBAs. [ 13 ]  The fabrication of a discrete selector, such as the 
Schottky diode, [ 14,15 ]  however, or of highly nonlinear current-
voltage ( I–V ) devices, [ 16–18 ]  and combining them with the 
RS memory cell, will be very diffi cult in the vertically inte-
grated structure. [ 6 ]  Therefore, the development of an RS 
memory cell that simultaneously contains rectifi cation func-
tionality in itself (self-rectifi cation), highly reproducible RS 
performance, and electroforming-free characteristics is an 
impending task. 

 HfO 2  is a well-known high-k dielectric material for the 
advanced fi eld effect transistor, [ 19 ]  but it also plays a crucial 
role in the ReRAM fi eld due to its controllability of resistance 
values in atomic scale. [ 20,21 ]  Ta 2 O 5  is also attracting a high level 
of interest in the ReRAM fi eld as it has shown an exception-
ally high switching endurance, especially when combined with 
a metastable TaO x  (x ≈ 2) layer, which serves as the reservoir 
for the oxygen vacancies (V o ). [ 5,22 ]  These two materials are 
characterized as lacking in discrete metallic second phases, as 
opposed to TiO 2  and WO 3 , which are characterized as having 
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  1.     Introduction 

 Resistance switching random access memory (ReRAM) is 
attracting a great deal of attention as one of the most prom-
ising next-generation non-volatile memory devices especially 
in the crossbar array (CBA) confi guration. [ 1–5 ]  It currently has 
several obstacles to overcome, however, such as the high vari-
ability in electrical performances, the requirement of an elec-
troforming step, and the necessary integration of a memory 
cell with selector devices to alleviate the sneak currents in 
CBA. [ 6 ]  These problems become even more serious when a 
three-dimensional (vertical) CBA structure is to be fabricated. [ 6 ]  
The former two problems are generally related to the localized 
(soft) breakdown of the dielectric layers in many metal-insu-
lator-metal (MIM) structures, which is the typical confi guration 
of memory cells in ReRAM or CBA, to induce the formation 
of conducting fi laments (CFs), while the third problem is 
more closely related with the integration issues of the device 
in planar and vertical CBA structures. As the electrical resist-
ance switching (RS) in many reported systems is closely related 
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the conducting Magnéli phases (ca. Ti  n  O 2 n –1 , n = 3, 4, 5…) in 
their heavily reduced state. [ 7,23 ]  Therefore, HfO 2  and Ta 2 O 5  
could have inherently higher uniformity compared with the 
other materials mentioned above, but many of the switching 
reports in these materials still utilized the CF-related mecha-
nism, which is induced by the electroforming at voltages higher 
than that in the usual switching operations. [ 5,20–22 ]  In addition, 
there has been no report on the signifi cantly self-rectifying 
 I–V  characteristics of these material systems, where the RS 
is observed in one bias polarity while the current fl ow in the 
opposite bias polarity is largely suppressed. 

 Meanwhile, electronic RS behaviors have been reported in 
several material systems, which could be mostly attributed 
to the trapping and detrapping of carriers (mostly electrons) 
depending on the bias polarities. [ 24–26 ]  In contrast to other 
ionic RS mechanisms, which generally involve the movement 
of (defective) ionic species during the set (switching from 
HRS to LRS) and reset (switching from LRS to HRS) opera-
tions, such electronic switching mechanisms induce no or 
minimal movement of ionic species, making them inherently 
immune to the large variations in the switching parameters. 
It has to be noted that the carriers that discern the LRS and 
HRS are still electrons or holes, not ions, even in the ionic 
RS systems. The prerequisites for such electronic RS systems 
are the presence of a mechanism that can induce the bias-
polarity-dependent trapping and detrapping of the electronic 
carriers, and traps that are deep enough to store the trapped 
carriers for a suffi ciently long time under the repeated read 

operations at the device operation tem-
peratures. These requirements can be met 
by the deep traps in the band gap of the 
switching oxide, whose potential barrier 
must be asymmetric with respect to the 
bias polarity or different levels of discrete 
trap states, which respond differently to the 
bias depending on the resistance states of 
the sample. 

 Presented in this work, therefore, is a 
material system that can provide a very high 
uniformity in the switching parameters, 
which can be obtained without the prob-
lematic initial electroforming step, and self-
rectifying functionality by combining the 
two promising dielectric materials, HfO 2  
and Ta 2 O 5 . The key component of the idea 
is that between the two materials, HfO 2  
plays the role of the fl uent RS layer without 
requiring the electroforming step while 
Ta 2 O 5  plays the role of a rectifi er with the 
help of a high-work-function metal, which 
is the top electrode (TE) Pt in this case. To 
achieve an electroforming-free and highly 
uniform RS behavior, the initial defect (V o ) 
content in the atomic-layer-deposited HfO 2  
layer was increased by two means: through 
the chemical interaction with the TiN bottom 
electrode (BE) and through the deoxidation 
effect during the plasma-enhanced atomic 
layer deposition (PEALD) of the Ta 2 O 5  layer 

on top. Another merit of the present work is that the two func-
tional oxide layers are deposited via ALD (HfO 2 ) and PEALD 
(Ta 2 O 5 ), which are the optimal processes for the three-dimen-
sional vertical ReRAM or CBA fabrication. In this structure, the 
sample with optimized fi lm thicknesses showed highly reliable 
electronic switching characteristics even at an operation tem-
perature of 85 °C mitigating the concern about the stability of 
trap-occupied and unoccupied states. This could be ascribed to 
the deep trap depth in HfO 2  (≈1 eV). 

  2.     Structural Properties of the Ta 2 O 5 /HfO 2 /TiN 
Thin-Film Stack 

 The cross-section transmission electron microscopy (TEM) 
images of the Pt/Ta 2 O 5 /HfO 2 /TiN structure are shown in 
 Figure    1  a. The fi gure shows a well-distinguishable layer struc-
ture with a crystallized monoclinic HfO 2  layer, confi rmed 
by the fast-Fourier-transformed image (lower right inset) of 
the crystalline lattice fringes, and an amorphous Ta 2 O 5  layer 
structure. The HfO 2 /TiN interface is also clearly defi ned, 
but a small amount of amorphous material can be observed 
at the mostly-grain-boundary regions of the crystalline TiN, 
which could be the TiO x N y  material (left inset). There is no 
evidently oxidized TiO 2  (or TiO x,  x < 2) layer at the interface 
between HfO 2  and TiN. The well-distinguished Ta 2 O 5 /HfO 2 /
TiO x N y  structure is also confi rmed by the depth profi ling in 
Auger electron spectroscopy (AES), as shown in Figure  1 b. 
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 Figure 1.    a) Cross-section TEM images and b) depth profi ling AES data of the Pt/Ta 2 O 5 (10nm)/
HfO 2 (10nm)/TiN sample, and c) Ta  4f /Hf  4f  and d) O  1s  core levels in the XPS depth profi le 
results of the Ta 2 O 5 (5nm)/HfO 2 (10nm)/TiN sample.
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The infl uence of depositing the Ta 2 O 5  layer via PEALD on 
top of the HfO 2  layer can be more evidently understood via 
X-ray photoelectron spectroscopy (XPS). Figures  1  and d show 
the Ta  4f /Hf  4f , and O  1s  core levels in the XPS depth pro-
fi le results of the Ta 2 O 5 (5nm)/HfO 2 (10nm)/TiN sample. For 
the XPS measurement, the Ar +  ion beam energy was set to 
1 keV during the sputter-etching. The core-level data for N  1s  
and Ti  2p  were included in the online supplementary infor-
mation (Figure S1, Supporting Information). The core levels 
were shown with regard to the etch level, where the time 
between the levels was ≈10 s. The binding energy of Ta  4f  
well coincided with the reported value of the Ta  4f  peak (26.2 
eV for Ta  4f  7/2  and 28.1 for Ta  4f  5/2 , indicated by the yellow 
vertical dashed lines in Figure  1 c) in Ta 2 O 5 . [ 27,28 ]  The emer-
gence of the peaks near the binding energy of ≈22–24 eV 
was an artifact that originated from the preferential etching of 
oxygen atoms by the Ar +  ion bombardment. This suggests that 
the underlying HfO 2  layer had no signifi cant infl uence on the 
chemical properties of the Ta 2 O 5  layer. A signifi cant change 
in the binding energy of Hf  4f  was observed, however, as the 
XPS probing depth changed from the Ta 2 O 5 /HfO 2  interface 
region to the bulk HfO 2  region. The binding energy of the 
Hf 4 f  core levels shifted to a lower binding energy direction 
near the interface region with the Ta 2 O 5  layer (indicated by the 
brown vertical dashed lines), which recovered the value of the 
reported Hf  4f  binding energy (17.6 eV for Hf  4f  5/2  and 19.2 for 
Hf  4f  3/2 , indicated by the black vertical dashed lines) of HfO 2  [ 29 ]  
as it moved away from the interface. The weak peaks near the 
binding energy of ∼13–15 eV were also due to the preferen-
tial etching of oxygen atoms from the HfO 2  layer during the 
XPS depth profi ling. The presence of a lower binding energy 
peak of Ta  4f  up to the etching level of 13 did not necessarily 
suggest that Ta 2 O 5  was intermixed with HfO 2 , but this was 
believed due to the artifact produced by preferential etching 
considering the AES profi le shown in Figure  1 b. This result 
implies that HfO 2-x  are formed near the Ta 2 O 5  thin-fi lm layer 
during the PEALD process of the Ta 2 O 5  layer. It appears that 
the impingement effect of ions during the PEALD of the 
Ta 2 O 5  layer induced such defects in the HfO 2  layer. The XPS 
core levels of O  1s , N  1s , and Ti  2p  shown in Figure  1 d and 
online SI Figures S1a and S1b did not show any notable fea-
ture, except for the slight shift of the O  1s  peak position to the 
high-binding-energy direction as the layer changed from Ta 2 O 5  
to HfO 2 . The slight bump near binding energy ∼404 eV in the 
N  1s  spectra was due to the Ta  4p  core level. The presence of 
O  1s  at etching level >14, which corresponds to mainly TiN, 
confi rmed that the TiN BE was partly oxidized, as shown in 
Figure  1 a. The precise coincidence between the emergences of 
the Ti and N peaks suggested that the interface between HfO 2  
and TiN BE could be quite abrupt, which was consistent with 
the TEM results shown in Figure  1 a. These results suggested 
that depositing the PEALD Ta 2 O 5  layer on top of ALD HfO 2  
induced a deoxidizing effect on the HfO 2  layer while the Ta 2 O 5  
layer itself had a low defect concentration. The application of 
plasma power during the Ta 2 O 5  deposition appeared to impose 
such deoxidizing effect on the underlying HfO 2  layer. This 
effect was well represented by the electrical performances of 
the single and stacked dielectric-layer samples described in the 
following section.    

  3.     Electrical Performances of the Memory Cell 
and Switching Mechanism 

  Figures    2  a–d show the RS  I–V  curves of the Pt/10-nm-thick 
HfO 2 /TiN, Pt/5-nm-thick Ta 2 O 5 /10-nm-thick HfO 2 /TiN, Pt/10-
nm-thick Ta 2 O 5 /5-nm-thick HfO 2 /TiN, and Pt/10-nm-thick 
Ta 2 O 5 /10-nm-thick HfO 2 /TiN samples, respectively. The inset 
fi gures in Figures  2  and b show the schematic diagrams of 
the samples with single and stacked dielectric layers. For these 
I-V tests, Pt TE was biased while TiN BE was grounded, and 
the compliance current ( I  cc ) was set at between 10 and 100 µA 
to prevent not only the complete breakdown of the sample 
but also the emergence of the usual bipolar type switching. 
The usual bipolar-type switching characteristics are shown in 
Figure  2 e. Briefl y, it required electroforming in the negative 
bias voltage region with the typical electroforming voltage and 
the current levels of ca. –10 V and 1 µA. This corresponds to 
ionic switching where the high Schottky barrier at the Pt/HfO 2  
or Pt/Ta 2 O 5  is locally disrupted and recovered by the drifting 
movement of the oxygen ions while the oxide/TiN interface 
maintained (quasi-) Ohmic contact. In contrast, such usual 
ionic RS mechanism was strictly prohibited in this work by 
adopting set and reset switching in positive and negative bias 
polarities, respectively, while the minimum (maximum abso-
lute) voltages in the negative bias region was controlled so as 
not to induce a large leakage current in that bias region. All the 
samples showed high resistance in the pristine state, as can be 
seen from the fi rst set of  I–V  curves (black lines). Among these 
samples, the Pt/10-nm-thick Ta 2 O 5 /10-nm-thick HfO 2 /TiN 
sample (Figure  2 d) shows a highly desirable RS performance, 
as will be discussed in detail later. Three notable features could 
be found in Figure  2 . First, the single HfO 2  layer did not show 
feasible RS behavior (Figure  2 a). This sample generally shows 
an asymmetric  I–V  shape, where the much more fl uent elec-
tron injection at the HfO 2 /TiN interface under the positive 
bias compared with the suppressed electron injection at the 
Pt/HfO 2  interface under the negative bias is the reason for the 
asymmetry. Second, the stacked dielectric layer shows desirable 
RS curves in the positive bias region when the HfO 2  layer thick-
ness was 10 nm while the current in the negative bias region 
was generally very low in a wide voltage range irrespective of 
the resistance state of the samples. Third, a large-enough and 
clearly distinguishable resistance ratio between the HRS and 
LRS could have been achieved only when both the HfO 2  and 
Ta 2 O 5  layers were 10-nm-thick (Figure  2 d). These three fi nd-
ings suggest that any change in the sample that induced the 
RS was confi ned within the HfO 2  layer while the high Schottky 
barrier at the Pt/Ta 2 O 5  interface remained intact during all 
the switching cycles. Based on the I-V characteristics shown 
in Figure  2 , the Pt/10-nm-thick Ta 2 O 5 /10-nm-thick HfO 2 /TiN 
sample was chosen, and its detailed RS performances were 
examined. The general switching sequences are shown by the 
numbers included in Figure  2 d: the  I–V  curves of the pristine 
state (curve 1, open square symbol); the LRS (curve 2, red line), 
which was induced by the fi rst voltage sweep up to +12 V with 
an  I  cc  of 10 µA; the resetting curve (curve 3, blue line), where 
the voltage was swept down to –10 V; the HRS (curve 4, green 
line), which was induced by the previous voltage sweep into 
the negative voltage direction; and the setting curve (curve 5, 
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black line) in the positive voltage region, which set the sample 
to the LRS again. The almost identical shapes of curves 1 and 5 
reveal that this was the electroforming-free sample. The resist-
ance ratio between HRS and LRS and the rectifi cation ratio 
(the current ratio between the positive (LRS) and negative volt-
ages) as a function of absolute voltage was included in the inset 

fi gure in Figure  2 d. A maximum resistance 
ratio of ≈10 3  and a rectifi cation ratio of ≈10 4  
were achieved. The resistance ratio was high 
enough for the high-density CBA (Mb block 
density), but the rectifi cation ratio should be 
improved. [ 4 ]  In addition, the voltage range for 
achieving those performances was generally 
too high, and as such, further engineering 
works are required to address these two 
problems. Nevertheless, the present work 
was devoted to the possible fabrication of 
an electroforming-free, highly uniform, and 
self-rectifying RS device structure, and to the 
elucidation of the underlying mechanism. 
 Figures    3  a and b represent the exception-
ally high uniformity of the RS performances 
within one dot (300 µm diameter) up to 
100  I–V  sweep cycles, and within 20 dots in 
a single sample, respectively. The cumulative 
probability of the current levels of the LRS 
and HRS in the positive and negative bias 
voltage regions at particular read voltages 
(6, 7, and 8 V) is shown in Figure  3 c, where 
the set and reset voltages were 12 and –8 V, 
respectively, and the  I  cc  was 10 µA. The dis-
tributions were extremely narrow, suggesting 
the exceptional uniformity of the various 
resistance states.   

 Figure  3 d shows the retention data of the 
LRS and HRS at room temperature and at 
85 °C up to 10 6  s. Both the HRS and LRS 
stably retained their current values (meas-
ured at 6 V) at room temperature, but the 
HRS current increased by about one order 
of magnitude after ≈10 3  s at 85 °C. The cur-
rent ratio was maintained at ≈10 2 , however, 
even after the degradation, showing the high 
feasibility of the present material's use as the 
RS element in ReRAM or CBA. The TE-area-
dependent current values of the HRS and 
LRS read out at different voltages are shown 
in the inset fi gure in Figure  3 a, where the TE 
area varies ≈50 times (6 500–350 000 µm 2 ). 
It is worth noting that the LRS current was 
almost completely independent of the TE 
area, suggesting that the LRS current fl owed 
along a limited number of local spots. In con-
trast, the HRS current almost linearly varied 
according to the TE area, suggesting that the 
leakage current fl owed uniformly across the 
whole TE area when the local conducting 
paths were removed by reset operation. 

  Figures    4  a and b show another crucial 
merit of this RS system, which must be contributed by the 
uniform switching behavior. In Figure  4 a, the variations in the 
HRS and LRS currents measured at 5, 6, and 7 V, respectively, 
are shown as a function of  I  cc  during the set switching, when 
the reset operation was performed by sweeping the voltage to 
–8 V after each set switching. The switching  I–V  curves with 
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 Figure 2.    Resistive switching  I–V  curves of the a) Pt/10-nm-thick HfO 2 /TiN, b) Pt/5-nm-thick 
Ta 2 O 5 /10-nm-thick HfO 2 /TiN, c) Pt/10-nm-thick Ta 2 O 5 /5-nm-thick HfO 2 /TiN, and d) Pt/10-
nm-thick Ta 2 O 5 /10-nm-thick HfO 2 /TiN samples. Schematic diagrams of the samples with 
(inset fi gure of (a)) single and (inset fi gure of (b)) stacked dielectric layers. (inset fi gure of 
(d)) Resistance ratio between HRS and LRS, and rectifi cation ratio (current ratio between the 
positive (LRS) and negative voltages) as a function of absolute voltage. e) The conventional 
bipolar resistive switching behavior in the Pt/Ta 2 O 5 (10nm)/HfO 2 (10 nm)/TiN sample. The 
electroforming was initially performed in the negative bias voltage region with the typical elec-
troforming voltage and the current levels of ca. –10 V and 1 µA. This was not the desired 
switching operation in this work.
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different  I  cc  values were included in Figure S3a, Supporting 
Information. When the  I  cc  was lower than ≈15 µA, the LRS cur-
rent increased rapidly as the set switching occurred with the 
increasing  I  cc . When the  I  cc  became higher than ≈20 µA, how-
ever, the LRS current was saturated at a certain value, meaning 
that the uncontrolled variations that might occur during set 

switching could be well suppressed. Figure  4 b 
shows that the HRS current was also satu-
rated at a certain level, even when the reset 
voltage decreased to suffi ciently low values. 
The switching  I–V  curves with different reset 
voltages were also included in Figure S3b, 
Supporting Information. These two factors 
suggested that the switching mechanisms in 
this material system were not controlled by 
the creation and rupture of the conduction 
channels that could have been contributed 
by the drift and diffusion of the ionic defects, 
such as the oxygen vacancies. In the fol-
lowing, the possible reasons for such excep-
tional performance are discussed, based on 
the electrical-conduction mechanisms of the 
HRS and LRS.  

  Figure    5  a shows the  I–V  curves of the 
LRS (dashed lines) and HRS (lines) meas-
ured at different temperatures ranging from 
30 to 100 °C. Here, the HRS was attained 
by applying –10 V, and the LRS, by applying 
+12 V, with an  I  cc  of 10 µA. In both states, 
the current generally increased with the 
increasing temperature, suggesting a ther-
mally activated mechanism. It was also evi-
dent that the voltage regions could be divided 
into two regions according to the current 
increase rate. In the low-voltage regions, 
both states showed a gradual increase in cur-
rent, while in high-voltage regions, the cur-
rent increased at a much higher rate with 
the voltage and temperature. For the assess-
ment of the current conduction mechanism 
in the low-voltage regions, the currents at 

1.0–2.5 and 1.4–2.9 V for the LRS and HRS, respectively, were 
plotted according to the Arrhenius form (Ln  I  vs. 1/ T ), and the 
activation energies ( E  a ) were extracted at each voltage from the 
best-linear-fi t graphs of the data. Figure  5 b shows the Ln  I  vs. 
1/ T  results for HRS, and the two inset fi gures show the varia-
tions in the  E  a  for HRS and LRS. Although the plots were not 

shown, the log I vs. log V curves in the low-
voltage region showed a slope very close to 1 
for both cases. The  E  a  values were relatively 
small and were not very different for both 
states (0.15–0.21 eV). It is believed that the  V  o  
values were dispersed within the HfO 2  layer 
and acted as the trap sites for the injected 
carriers in both states. [ 30 ]  As the band gap of 
Ta 2 O 5  is lower than that of HfO 2  (≈5.68 and 
≈4.2 eV in HfO 2  and Ta 2 O 5 , respectively, esti-
mated via Auger-electron spectroscopy refl ec-
tive electron energy loss spectroscopy and 
spectroscopic ellipsometry, respectively), the 
electrons transported to Ta 2 O 5  easily moved 
to Pt TE via the conduction within the CB of 
the Ta 2 O 5  layer, so that the Ta 2 O 5  layer did 
not interfere with the current conduction 
under the positive bias condition. The almost 
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 Figure 3.    Exceptionally high uniformity of the RS performances within a) one dot (300 µm 
diameter) up to 100  I–V  sweep cycles, and b) 20 dots in a single sample; c) cumulative prob-
ability of the current levels of LRS and HRS in the positive and negative voltage regions at 
particular read voltages (6, 7, and 8 V); and d) retention data of the LRS and HRS at room 
temperature and 85 °C up to 10 6 s (measured at 6 V).

 Figure 4.    Variations of the current level in the HRS and LRS, measured at 5, 6, and 7 V, respec-
tively, as a function of the a)  I  cc  during the set switching, and b) reset voltage during the reset 
switching.
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identical  I–V  curves of the pristine and HRS samples suggested 
that the distribution of  V  o  values within the HfO 2  layer did not 
vary during the repeated switching.  

 The critical differences between the currents of HRS and 
LRS could be found in the high-voltage region, and the  I–V  
curves in the high-voltage region were attempted to be fi t 
with the Poole–Frenkel (P–F), Schottky, and tunneling mecha-
nisms. The best results were achieved from 
the P–F fi tting, and the plots in the form of 
Ln( I /( E * T  3/2 )) vs. 1/ T  according to the P–F 
equation for the voltages ranging from 5 to 
6 V are shown in Figure  5 c for the case of 
HRS. The results fi t quite well with the P–F 
mechanism. Similar fi tting could be made 
for the LRS in the voltage region (5–8 V), 
which also showed the suitability of the 
P–F conduction mechanism (data shown 
in Figure S4, Supporting Information). For 
these fi ttings, the electric fi eld ( E ) was calcu-
lated by dividing the voltage applied over the 
HfO 2  layer, which could be estimated from 
the thicknesses and dielectric constants of 
HfO 2  (10 nm, 18) and Ta 2 O 5  (10 nm, 25) and 
the total applied voltage, with a thickness of 
HfO 2 , suggesting that the conduction was 

really governed by the HfO 2  layer. From the 
slopes of the best-linear-fi tted graphs at each 
voltage, the activation energy, which corre-
sponded to the trap depth at each voltage, 
could be achieved, and the results are sum-
marized in the upper panels (left for HRS 
and right for LRS) of Figure  5 d. The esti-
mated trap depths for HRS and LRS were 
≈1.0 and ≈0.6 eV, respectively. The accuracy 
of these P–F could be confi rmed by the fol-
lowing plots of the I-V curves according 
to another formalism of the P–F equation: 
Ln( I / E ) vs.  E  1/2  graphs, which were also 
included in Figure S5, Supporting Informa-
tion. They also showed a nice linear relation-
ship in the high-voltage region, and from the 
slopes of the best-linear-fi tted graphs, the 
dielectric constant could be estimated, which 
are summarized in the lower panels (left for 
HRS and right for LRS) of Figure  5 d. While 
there were some variations according to the 
resistance states and temperatures, the esti-
mated values of 3.8–5.9 coincided reasonably 
well with the optical dielectric constant of 
≈3.9 calculated from the square of the refrac-
tive index (n ≈ 1.9). 

 When Pt TE was negatively biased, con-
duction mechanism analysis was similarly 
attempted, as shown in  Figure    6  . Under this 
bias condition, the current was generally low 
in a wider voltage range, and the activation 
energy obtained from the slopes of the best-
linear-fi tting Ln (J) vs. 1/ T  graph at voltages 
ranging from –1 to –5 V (data not shown) 

was ≈0.16 eV. The log  I –log  V  graphs in the same voltage region 
showed a slope of ≈1, suggesting that the current conduction in 
this voltage region was also governed by the trap-assisted hop-
ping mechanism. The almost identical  E  a  to the case where the 
TE was positively biased, estimated in Figure  5 , suggests that 
the small leakage current was also governed by the shallow 
traps in HfO 2 .   
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 Figure 5.    a)  I–V  curves of the LRS (dashed lines) and HRS (solid lines) samples measured at 
different temperatures ranging from 30 to 100 °C. b) Arrhenius form (Ln  I  vs. 1/ T ) plot in HRS, 
and (inset fi gures of (b)) activation energies ( E  a ) extracted at each voltage from the best-linear-
fi tting of the data in HRS and LRS. c) P–F fi tting and the plots in the form of Ln( I /( E * T  3/2 )) vs. 
1/ T  according to the P–F equation for the voltages ranging from 5 to 6 V in HRS. (Upper panels 
of (d)) Activation energy, corresponding to the trap depth at each voltage in HRS and LRS (left 
for HRS and right for LRS), and (lower panels of (d)) dielectric constant at each temperature.

 Figure 6.    a)  I–V  curves under a negatively biased condition measured at different temperatures 
ranging from 30 to 100 °C. b) Schottky type form Ln( I / T  2 ) vs. 1/ T  plot at voltages ranging from 
8.3 to 8.7 V. (Inset fi gure of (b))  ψ  o – β  s  E  1/2  values plotted as a function of  E  1/2 .
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 For the lower-voltage (high-absolute-value) region, where the 
current increased exponentially with the voltage and tempera-
ture, the  I–V  curves in that region were plotted according to the 
P-F, Schottky, and tunneling equations. It was found that only 
the Schottky mechanism well fi t the experimental data, and 
the Ln(I/ T  2 ) was plotted vs. 1/ T  at voltages ranging from 8.3 
to 8.7 V (Figure  6 b). The slopes of the best-near-fi t graphs cor-
responded to the Schottky barrier height at a given  E  ( ψ  o – β  s  E  1/2 , 
where  ψ  o  and  β  s  are the zero-fi eld Schottky barrier height and 
Schottky coeffi cient, which is determined by the optical dielec-
tric constant). The  ψ  o – β  s  E  1/2  values were plotted as a function 
of  E  1/2  in the inset fi gure in Figure  6 b, the best-linear-fi tting of 
which gave the  ψ  o  value of ≈0.70 eV and the dielectric constant 
of ≈4.2, which was close to the estimated value with the refrac-
tive index (≈2.0) of Ta 2 O 5  from the ellipsometry. For this esti-
mation, the electric fi eld E was taken from the voltage applied 
over the Ta 2 O 5  layer and its thickness. This estimation sug-
gests that the low leakage current in the negative bias region 
was due to the suppression of the carrier injection from the Pt 
to the Ta 2 O 5  layer by the presence of a high Schottky barrier 
(≈0.70 eV), which appeared to have remained intact irrespective 
of the resistance states in the positive bias region. This was the 
main reason for the achievement of a high rectifi cation ratio. 
The 0.70 eV Schottky barrier does not correspond to the ideal 
Schottky barrier at the Pt/Ta 2 O 5  interface, which could be low-
ered by several factors, pinning the Fermi level close to the con-
duction band (CB) edge. 

 The above estimations unveil the switching mechanism in 
this material system. The identifi cation of two trap levels (0.6 
and 1.0 eV) in the positive bias region suggested that these 
levels should be taken into account for the identifi cation of the 
switching mechanism, and the electrode-area-independent LRS 
resistance revealed that the conduction path with the 0.6 eV of 
trap depth were spatially localized. This localized area might be 
related with several locations along the grain boundaries of the 
crystallized HfO 2 , whereas the current path with the trap depth 
of 1.0 eV could be safely assumed to be the bulk HfO 2  from 
the electrode-area-dependent HRS resistances. The trap depth 
of 1.0 eV well coincided with the energy distance between the 
 V  o  from the CB edge in HfO 2 . [ 31 ]  Although the trap depth of 
0.6 eV has not been reported in HfO 2  yet especially when the 
trap depth of  V  o  was ≈1 eV, the high Vo density and the pos-
sible interactions between them at several specifi c structures 
of grain boundaries could induce the shift of Vo level upward. 
(It must be noted that estimation of trap depth or additional 
energy location in the band gap of dielectrics generally relies 
upon the adopted functional in density functional theory cal-
culations, mainly due to the band gap underestimation. There-
fore, only the theoretical reports assigning the trap depth of  V  o  
to ≈1 eV were considered in this work.) Otherwise, there could 
be any other defects which may form trap levels at that energy 
location. Another possibility for explaining the shallower trap 
levels could be that the energy gap of oxides near the grain 
boundaries are lower than the bulk, [ 32 ]  so that the identical 
traps could induce shallower trap depth in P–F conduction. In 
any case, it was believed that the number of locations with such 
specifi c trap distribution must be quite limited, so that the elec-
trode-area-independent LRS resistance could be achieved, while 
the electrode-area-dependent HRS resistance could be safely 

ascribed to the uniform (low) electrical conduction throughout 
the bulk portion of HfO 2 . 

 Although the accurate energy band structure could not be 
depicted due to the lack of precise information on the band 
offset between the two dielectric layers and possible (small) 
Schottky barrier at the HfO 2 /TiN interface, a tentative sche-
matic band diagram could be drawn as shown in Figure  7 a for 
the zero external bias condition. Here, the CB offset between 
Ta 2 O 5  and HfO 2  was taken as 1 eV considering the known elec-
tron affi nities of the two materials, [ 33 , 34 ]  and contact potential 
at the HfO 2 /TiN interface was arbitrarily taken as 0.3 eV to 
make it an (quasi-) Ohmic contact. The fi gure in left hand panel 
showed the circumstance for bulk portion of HfO 2 , which does 
not bear the specifi c 0.6 eV traps, and right hand panel showed 
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 Figure 7.    Schematic diagram showing the switching mechanism: 
a) Schematic diagrams of band structure for zero bias condition (left 
panel fi gure). The bulk of HfO 2  has the 1.0eV traps, which has coincided 
with the energy distance between  V  o  from the CB edge, while local portion 
of HfO 2  has the 0.6eV traps in addition to the 1.0eV traps (right panel 
fi gure). b) Under the low positive bias (≤≈3V), the injected electrons trans-
ported through the hopping mechanism. c) As the traps with 1.0 eV were 
fi lled with electrons, the P–F effect started to show up where the effective 
trap depth decreased at the higher positive bias. d) The carrier transport 
could occur via the P–F mechanism mediated by 0.6eV traps after the 
deeper trap level was fully fi lled with carriers and the system switched to 
LRS. e) When the low negative bias was applied to system, the electrons 
in the HfO 2  traps were detrapped. At the same time, carrier injection 
from the Pt electrode was suppressed by the Schottky barrier while the 
electrons from all the trap sites detrap switching back the sample to HRS. 
f) Even under no bias condition, some of the electrons accumulated at 
the Ta 2 O 5 /HfO 2  interface could be transported to the empty deep traps 
and degrade the HRS with time especially at high temperature (85 °C).
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the circumstance for the local portion of HfO 2  which has the 
specifi c 0.6 eV traps in addition to the 1.0 eV traps. There must 
be internal bias voltage being ascribed to the different Schottky 
barrier heights of the two interfaces, and such internal bias 
must be applied over the two dielectric layers inversely propor-
tional to their static dielectric constants. The electronic confi gu-
ration of traps (trap-empty or trap-fi lled) could be dependent 
on the relative energy locations of the traps and Fermi levels 
of metals. However, when a small positive bias applied to the 
Pt TE, all the traps easily detrapped by the transport of trapped 
electrons to Pt TE through CB of Ta 2 O 5  layer. Due to the close 
proximity of trap levels in HfO 2  and CB of Ta 2 O 5 , and always 
higher level of CB of HfO 2  than that of Ta 2 O 5 , Ta 2 O 5  layer 
generally did not interfere with the electron transport when 
the electrons were injected from TiN BE through HfO 2  layer. 
Of course, this is not the case for negative bias condition. The 
initially low current and the observation of the P-F conduction 
mechanism with a trap depth of 1 eV suggested that the two 
trap levels were with the trap-empty confi gurations under low 
positive bias condition, which well coincided with the HRS. 
With the slight increase in the positive bias voltage to Pt TE, 
electrons must be injected from TiN BE to HfO 2  mainly via the 
thermionic emission. No observation of any tunneling-related 
mechanisms suggested that tunneling of electrons to trap 
levels from the TiN BE and trap-assisted-tunneling mechanism 
could be safely disregarded in this case. This must be reason-
able considering the rather thick thickness of the two layers, 
(20 nm) and that 10 V of applied voltage coincided with average 
5 MV cm –1 , which was generally too low to induce a signifi cant 
tunneling. Under the not-so-high positive bias voltage (≤ ≈3 V), 
the injected electrons trapped mainly at the trap levels of 1.0 eV, 
and transported through the hopping mechanism, as schemati-
cally shown in Figure  7 b. This must be due to the low voltage 
which was insuffi cient to suffi ciently decrease the trap depth by 
the P–F effect. It was believed that most of the traps remained 
empty since the degree of carrier injection must be low due to 
the low bias voltage. This explained the hopping mechanisms 
observed for both HRS and LRS shown in Figure  5 b. As the 
voltage increased, the carrier injection became higher, and 
both traps started to be fi lled with the injected carriers. At the 
same time, the P-F effect started to work and the effective trap 
depth decreased as shown in Figure  7 c. It must be noted that 
this effect should work for both the 0.6 and 1.0 eV depth traps, 
but as long as the traps with 1.0 eV were not fully fi lled, the 
operation of the 0.6 eV depth traps could not be detected since 
the carriers had no reason to stay in the shallower levels rather 
than transited to the deeper traps. This could well explain 
the observation of HRS current in the higher positive voltage 
region. When the voltage became high enough and the carrier 
injection overwhelmed their transport through the HfO 2  (also 
via Ta 2 O 5 ) layer, the deep traps were now fully fi lled with car-
riers, and the system switched to LRS, as long as the trapped 
carriers did not detrap. Under this circumstance both deep and 
shallow traps could be fi lled with carriers, but the shallow traps 
could be detrapped temporarily under the positive bias condi-
tion due to the P–F effect, and the carrier transport could occur 
via the P–F mechanism mediated by the 0.6 eV traps. This 
could explain the observation of P-F mechanism current with 
0.6 eV trap depth for the LRS. 

 Therefore, these mechanistic considerations suggested that 
the switching from the HRS to LRS under the positive bias con-
dition corresponded to the fi lling of deep traps with the injected 
carriers, and further injected carriers transported via the local 
paths which contained the shallower traps. As mentioned 
above, these localized paths could be composed of some spe-
cifi c regions along the grain boundaries of HfO 2  but there was 
no reason why some part of bulk HfO 2  could not contribute 
to this local paths especially under the process conditions that 
the plasma-induced damage was rather serious. Such a condi-
tion could be schematically represented by the fi gure shown in 
Figure  7 d. The switching back from the LRS to HRS and low 
current irrespective of the resistance state under the negative 
bias could be understood as follows. 

 When the bias voltage decreased to a suffi ciently low nega-
tive bias, the electrons in the HfO 2  traps were detrapped while 
the electron injection from the Pt TE was suppressed by the 
high Schottky barrier height. Figure  7 e showed the schematic 
diagram of this circumstance. This coincided with the reset-
ting graphs in Figure  2 d. Therefore, when the bias voltage was 
switched back to a positive direction, the drift of the electrons 
injected from the TiN were interfered with by the traps with 
a depth mainly of ≈1.0 eV, so that the current fl ow under this 
circumstance must be much lower, and HRS could be attained. 
This is, in fact, identical to the current conduction of the pris-
tine state, explaining the electroforming-free property of the 
present sample. The degradation in the retention performance 
at 85 °C for the case of HRS (decrease in the HRS resistance) 
could be also understood from the suggested switching mecha-
nism. When the traps became empty by the high negative bias, 
and bias was removed subsequently, the energy band diagram 
could be represented by Figure  7 f. Under this circumstance, 
some of the electrons accumulated at the Ta 2 O 5 /HfO 2  layer, 
which were injected from the Pt electrode by thermionic emis-
sion, could be transported to the empty deep traps and degrade 
the HRS resistance with time (Figure  3 d). 

 The above mentioned switching mechanism also provided 
a reasonable explanation for the degraded switching perfor-
mances of the thinner HfO 2  fi lm shown in Figure  2 c. In this 
case, the total numbers of traps with both 1.0 and 0.6 eV trap 
depth in HfO 2  must be smaller, so that the switching perfor-
mance was degraded. 

 The most critical feature of the above-mentioned switching 
mechanism is that it is related with the change in the charge 
state of the electron traps, presumably oxygen vacancies with 
different oxidation states in HfO 2 , not the variations in their 
local spatial distribution or concentration, meaning that this is 
an almost purely electronic mechanism. This is closely related 
with the high uniformity of the memory cell. It could be noted 
that this type of RS mechanism had an aspect in common with 
the fl ash memory in that the electron movement for writing 
occurred only in one side of the devices; in the fl ash, electrons 
tunnel between the channel and the fl oating gate (or charge trap 
layer) via the tunneling oxide while their migration through the 
blocking oxide is strictly prohibited. In this ReRAM, during 
the writing operations, electrons are transported between the 
TiN electrode and the deep trap levels in the HfO 2  through 
the HfO 2  layer while their movement through the Ta 2 O 5  layer 
is successfully suppressed by the high Schottky barrier. Of 
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course, the reading mechanism must be quite different in the 
two devices.  

  4.     Conclusion 

 In this work, a feasible method of achieving a highly uniform, 
electroforming-free, and self-rectifying RS memory cell is pre-
sented. The method can be generally stated as having a two-
layered dielectric structure, where one layer (in this case, HfO 2 ) 
works as the resistance switching layer by trapping and detrap-
ping the deep trap sites (1.0 eV trap depth) while the other 
dielectric layer (in this case, Ta 2 O 5 ) remains intact during the 
whole switching cycle and creates a high Schottky barrier with 
a high-work-function metal (in this case, Pt) to constitute the 
rectifying functionality. In addition, the RS layer should have 
a lower dielectric constant compared with the rectifying oxide 
layer for the effective application of the integral part of the 
voltage over the RS layer. In addition, the energy gap of the RS 
layer should be higher than that of the rectifying oxide layer to 
ensure that the carrier transport in the forward (or switching) 
bias polarity will not be disturbed by the conduction band offset 
between the two dielectric layers. 

 The present combination of the Ta 2 O 5  and HfO 2  layers, 
which were in contact with the Pt and TiN electrode, respec-
tively, nicely fi tted the above-mentioned conditions for achieving 
the desired multitude of functionality from one RS system. In 
addition, the appropriate deoxidation effect of the PEALD pro-
cess for Ta 2 O 5  on the underlying HfO 2 , while the deoxidation 
effect on Ta 2 O 5  itself was minimized by the optimized pro-
cess conditions, made the HfO 2  have just enough density of 
oxygen vacancies to induce the fl uent RS within the layer. With 
all these optimized structure and operation conditions for the 
given structure, excellent RS uniformity and electroforming-
free and self-rectifying functionality could be simultaneously 
achieved from the Pt/Ta 2 O 5 /HfO 2 /TiN structure, which could 
be attributed to the electronic switching mechanism, where the 
disturbance by the uncontrolled ion migration could be largely 
suppressed.  

  5.     Experimental Section 
 Using an 8-inch-diameter-scale traveling-wave-type ALD reactor (CN-1 
Co. Plus 200), 10-nm-thick HfO 2  fi lms were deposited on a 50-nm-thick 
TiN/SiO 2 /Si wafer, where the TiN wafer was reactively sputter-deposited 
using a commercial sputtering system (Endura, Applied Materials). 
ALD of the HfO 2  fi lm was performed using Hf[N(CH 3 )(C 2 H 5 )] 4  and O 3  
as the Hf precursor and oxygen source, respectively. The Hf precursor 
and O 3  pulse durations were 2 and 3 s, respectively, and Ar purge gas 
was injected for 9 and 3 s, respectively, after the occurrence of each of 
these two chemical pulses. The wafer temperature during the deposition 
was set to 280 °C. The PEALD Ta 2 O 5  layer was deposited in another 
shower-head-type ALD reactor using tert-butylimido-bis(diethylamido)
cyclopentadienyl)tantalum and H 2 O-activated plasma (300 W) as the Ta 
precursor and oxygen source, respectively, at a substrate temperature of 
200 °C. The PEALD Ta 2 O 5  sequence consisted of Ta precursor feeding 
(5 s), Ar purging (7 s), water vapor pulsing (5 s, plasma power was 
turned on during the last 4 s), and Ar purging (10 s). 

 The fi lm thickness, depth profi le of each element, and chemical 
status of the fi lms were examined using an ellipsometer (Gaertner 

Scientifi c Corporation, L116 D), AES (Perkin-Elmer, PHI 660), and XPS 
(ThermoVG, Sigma Probe), respectively. The cross-section of the Pt/
Ta 2 O 5 /HfO 2 /TiN sample was observed using a high-resolution TEM 
(JEOL, JEM-3000F). For electrical measurement, Pt top electrodes were 
electron-evaporated through a 300-µm-hole-diameter metal shadow 
mask and the lift-off process for fabricating samples with different 
electrode areas (6 500–350 000 µm 2 ). The self-rectifying resistive 
switching behavior was measured using an HP4145B semiconductor 
parameter analyzer at room temperature, in voltage sweep mode. Each 
voltage sweep began from 0 V, and the bias was applied to the TE while 
the BE was grounded.  
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