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Abstract. In this study, Ni/TaO,/NiSi and
Ni/Ta0,/Ta/Ta0,/NiSi devices were fabricated, and the
resistive switching (RS) behaviors were investigated. A 2-
nm-thick Ta metal layer was deposited between two TaO,
films to form a Ni/Ta0,/Ta/Ta0,/NiSi stack, which was
analyzed using TEM. Based on a linear scale I-V curve and
an R-V graph, both devices showed conventional bipolar
conductive bridge random access memory (CBRAM)
characteristics with formation/rupture of Ni conductive
filaments (CFs). The Ta-embedded device showed lower
forming/SET voltages and initial resistance due to the
reduced effective thickness of TaO, films due to the inserted
Ta metal layer. In addition, the Ta-embedded device
exhibited improved endurance and resistance distribution
due to suppression of the random formation of Ni CFs.

Recently, interest on resistive switching memory (ReRAM) has
extensively increased as a potential replacement for conventional
charge-based memory devices, such as dynamic random access
memory (DRAM) and flash memory beyond the 20-nm technology
node, because of the simple structure, fast speed, and excellent
scalability [1-3]. The ReRAM device could be classified by the
operation mechanism. One is anion based resistive switching
memory or valence change memory (VCM). The other is cation
based memory which commonly known as conductive bridge
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random access memory (CBRAM), programmable metallization
cells (PMCs), and electrochemical metallization memory (ECM).
The operation mechanism of VCM is mainly due to oxygen vacancy
(V,) [4, 5]. The operation mechanism of CBRAM is formation and
rupture of metallic conductive filaments (CFs) supplied by an active
metal electrode. When a positive voltage is applied to an active
electrode, active metal atoms are oxidized into metal ions, and they
migrate to a cathode region (inert electrode). The migrated metal
ions are reduced to metal atoms and form CFs, leading to switching
from a high resistance state (HRS or off state) to a low resistance
state (LRS or on state) [6, 7]. Alternatively, when a negative bias is
applied to an active metal, dissolution of metal CF occurs at the
thinnest part of metal CF due to a highly focused electric field
(usually occurring at active electrode). Metal atoms consisting of
CFs are re-oxidized and re-deposited at the active electrode, which
results in the switch back to HRS. Typically, Ag, Cu, and Ni metals
are used as active electrodes due to their high diffusivity in the
insulator (or solid electrolyte) [2, 8-11]. In addition, various
insulators have been studied for CBRAMs such as chalcogenides
(GeSe [9], Cu,S [12]), oxides (SiO, [13], Ta,05 [14, 15]), and even
polymer materials [16]. However, random nucleation/growth
properties of CF results in a large fluctuation of the on/off ratio and
SET/RESET voltages (Vsgr and Vygser); these are considered major
problems in the CBRAM device. Therefore, in order to improve
characteristics of CBRAM, the CF nucleation sites should be
controlled during repeated switching cycles. In recent reports, the
location of CF could be directly controlled using metal nano-crystals
and a metal layer-embedded system. [17 - 19]
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In this study, the resistive switching (RS) characteristics and
mechanism were investigated for a Ta-layer-embedded TaO, film
compared to TaO, film without a Ta layer for the application of
CBRAMs. Complementary metal oxide semiconductor (CMOS)-
compatible materials, Ni, NiSi, and TaO,, were used as an active
electrode, inert electrode, and switching insulator, respectively. By
inserting the Ta metal layer in TaO,, the switching performance was
significantly improved due to the stable nucleation/growth of CFs.
A 50-nm-thick Ni film was deposited on a hydrofluoric acid (HF)-
cleaned, p-type Si wafer by an e-beam evaporator. The Ni film was
then annealed using rapid thermal annealing (RTA) at 500 °C for 1
min under vacuum ambient for transformation to the NiSi phase. A
10-nm-thick TaO, film was deposited on the NiSi film using a radio
frequency magnetron reactive sputter system at room temperature
(RT) using a pure Ta metal target. The process pressure was 5
mTorr, and 300 W of plasma power was used. The flow rate of Ar
and O, gas was 20 and 10 sccm, respectively. Then, 2-nm-thick Ta
film was deposited without a vacuum break with 10 sccm of Ar gas
and 200 W of plasma power. A 10-nm-thick TaOj film was again
deposited on the Ta/TaO,/NiSi using the same process mentioned
above. A 20-nm-thick TaOj film without a Ta metal layer was
deposited as the control sample. Thereafter, the Ni top electrode with
a 200-um diameter was deposited by an e-beam evaporator on
TaO,/Ta/TaO,/NiSi and TaO,/NiSi film stacks using a shadow
mask. The RS characteristics of fabricated Ni/TaO,/Ta/Ta0O,/NiSi
and Ni/TaO,/NiSi devices were analyzed by an Agilent B1500A
semiconductor parameter analyzer at RT. The devices were operated
by DC voltage sweep mode, and the voltage was applied to the top
electrode (Ni) with the bottom electrode grounded. A 10 mA current
compliance (CC) was used for all the fabricated devices in order to
prevent permanent breakdown. The device was measured by cross-
sectional transmission electron microscopy (XTEM) and energy
dispersive X-ray spectroscopy (EDX) in order to analyze device
structure and composition of the interfacial layer.

Figures 1(a) and (b) show XTEM images of Ni/TaO,/NiSi and
Ni/TaO,/Ta/TaO,/NiSi devices, respectively. An approximately 20-
nm-thick amorphous TaO, film was deposited on the NiSi bottom
electrode as shown in Fig. 1 (a). A 3-nm-thick interfacial layer was
also formed between TaO, and the NiSi electrode. The composition
of the interfacial layer was identified as NiSiO, using EDX line scan
analysis (data not shown). In contrast, there was no observed
interfacial layer between the Ni top electrode and TaO, film because
the formation energy of 4/5Ta + O, = 2/5Ta,05 was much less than
that of 2Ni + O, = 2NiO over the entire temperature range. [20]

Figure 1 XTEM images of (a) Ni/TaO,/NiSi and (b)
Ni/Ta0,/Ta/Ta0,/NiSi CBRAM devices

Figure 1(b) shows that the 25-nm-thick Ta-embedded TaO, film
was deposited on the NiSi bottom electrode. A relatively uniform,
~2-nm-thick Ta interlayer was deposited between the TaOj films.
For the Ni/TaO,/NiSi device, the interfacial characteristics were
similar to those of the Ni/Ta0,/Ta/Ta0,/NiSi device (i.e., no
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interfacial layer between the Ni electrode and TaO, films, and a 3-
nm-thick interfacial layer was formed between the TaO, film and
NiSi electrode)..
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Figure 2 (color online) I-V hysteresis and R-V curves of the (a, b)
Ni/TaO,/NiSi and (¢, d) Ni/TaO,/Ta/TaOx/NiSi devices. The
inset of Fig. 2 (a) and (c) is a linear scale I-V hysteresis. The inset
of Fig. 2 (d) is a magnified graph ranging from 0 to 3V.

Typical current-voltage (I-V) and resistance-voltage (R-V) plots of
the Ni/TaO,/NiSi device are shown in Figs. 2(a) and (b),
respectively. The pristine device required an electrical forming
process at a 6.26 V forming voltage with 10 mA CC before device
operation because TaO, film does not contain any Ni' ions. During
the forming process, Ni atoms in the top electrode were oxidized to
Ni' ions, resulting in localized doping in the TaO, film [21], which
were swept to the bottom electrode by an applied electric field to
form Ni CFs. The inset graph of Fig. 2(a) is the linear scale of the I-
V curve. The voltage was first swept from 0 to 7 V to switch the
device from the off state (HRS) to the on state (LRS) (i.e., SET
process). The current increased abruptly at 5.5 V, the SET voltage
(Vsgr)- As shown in the inset of Fig. 2(a), the I-V hysteresis shows a
linear behavior that indicates the device is operated by formation and
rupture of Ni CFs. The Vggr was smaller than the forming voltage
because the localized doped Ni" ions helped the Ni CFs grow easier
compared to the forming process mentioned above. During the SET
process, 10 mA CC was used to prevent permanent breakdown, as in
the forming process. When the voltage was swept from 0 to -1.5V,
the current decreased significantly at -0.64 V, the RESET voltage
(VRreser), and the device was switched to HRS. Figure 2(b) shows
the R-V curve obtained from Fig. 2(a). As the applied voltage
increased from 0 to 5.5 V, the resistance of the device decreased
gradually due to the gradual current increase resulting from vertical
growth of the Ni CFs, whose shape was conical (i.e., a wide diameter
at the bottom electrode and narrow diameter at the top electrode). Ni
CF grows vertically by ion migration from the top electrode, leading
to localized doped Ni" ions in the TaO, film and sequential reduction
to Ni atoms at the bottom electrode. When the vertically-grown Ni
CF reached the top electrode, the resistance decreased abruptly at 5.5
V (SET process). In addition, when the voltage was swept back from
7 to 0 V, the resistance decreased slowly due to the lateral growth of
Ni CFs (increased diameter of CF). The resistance of the device
increased gradually as the voltage was swept from 0 to -0.64 V due
to lateral dissolution of Ni CFs (decreased diameter of CF) due to
electrochemical reaction. Ni CF was re-oxidized to Ni" ions
(especially near the top electrode), and these Ni* ions from the CFs
moved to the active top electrode and were reduced to Ni atoms
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combined to the Ni electrode. Finally, the resistance increased
drastically at -0.64 V (RESET process) because the diameter of the
Ni CFs at the top electrode region decreased to zero when Ni CF was
detached from the top electrode. This is equivalent to the disruption
of Ni CFs in the vicinity of the top electrode. Afterward, the
resistance increased slowly due to vertical dissolution of Ni CFs.
The proposed explanation is corroborated by the recently suggested
CBRAM model. [22] For the Ta-embedded TaO, device, the
resistive switching behavior is nearly the same as that of the device
without the Ta layer, as shown in Figs. 2(c) and (d) (the inset graph
of Fig. 2(c) is a linear scale I-V curve, and the inset graph of Fig.
2(d) is the magnified graph range from 0 to 3 V). However, the
forming voltage was 4.42 V, which was less than that in the device
without the Ta layer. In addition, the Vggr and initial resistance were
also lower than in the device without the Ta layer, which was caused
by the decreased effective oxide thickness due to the embedded Ta
layer [18].
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Figure 3 (color online) Endurance data of the (a) Ni/TaO,/NiSi
and (b) Ni/Ta0O,/Ta/Ta0O,/NiSi devices. Resistance distributions
of the (¢) Ni/TaO,/NiSi and (d) Ni/TaO,/Ta/TaO,/NiSi devices.

Figures 3(a) and (b) show endurance data of devices without and
with an embedded Ta layer, respectively. The read voltage was 0.1 V
for both cases. The TaO, device without an embedded Ta layer
exhibited a relatively large on/off ratio at > 10° times. However, the
device revealed unstable resistive switching behavior including
repeated switching failure and recovery, as noted in the circled area
of Fig. 3(a). This unstable switching could result from V,. During
TaO, film deposition, thin NiSiOj interfacial layer, which could
have high defect density such as V,, was formed as shown in Fig. 1.
Therefore, operation mechanism of device is not only Ni* ion but
also V,, could play major role in CF formation. From the extracted I-
V curve from continuous sweep, operation mechanism of device
without Ta embedded layer is not just CBRAM (Formation/rupture
of Ni CF). The operation mechanism could be categorized according
to three. Some show conventional CBRAM device which operated
by Ni CF. Other mechanism is combination of Ni CF and V. The
others exhibit conventional VCM which operated by only V, (See
S1 in the supplemental information). The competition of three
mechanisms complicates device operation and results in degradation
of device performance. On the other hands, the switching
mechanism of Ta embedded device is conventional CBRAM (See S2
in the supplemental information). The device was finally subject to
permanent breakdown after 181 cycles. Alternatively, the device
with an embedded Ta layer shows stable endurance up to 200
successive switching cycles with an on/off ratio of approximately
10%, as shown in Fig. 3(b). The LRS values were similar to those in
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the device without an embedded Ta layer, while HRS values were
much less than the device without the Ta layer because the
embedded Ta layer reduced the effective thickness of the TaO, film,
which results in a large current flow at HRS. In addition, the
cumulative probability of each device is shown in Figs. 3(c) and (d).
The Ta-embedded device exhibited much better resistance
distribution for both LRS and HRS compared to that without Ta
layer. Therefore, the substantial improvement in device
characteristics was due to the embedded Ta layer in TaO, films. The
inserted Ta metal layer may have changed the switching mechanism
of the devices.

(b) g

@ Ni“ion

Figure 4 Schematic of the switching mechanism of the
Ni/Ta0O,/Ta/Ta0O,/NiSi device after (a) SET and (b) RESET.

Figure 4 shows a suggested switching mechanism of the Ta-
embedded devices. After the forming/SET stage, the Ni top electrode
dissolved into Ni ions, which resulted in localized doping in TaO,
films and consecutive formation of CF, similar to the forming/SET
process of the device without an embedded Ta layer, as shown in
Fig. 4(a). The RESET process, however, was different from that of a
single TaO, device due to the embedded Ta metal layer. The Ta-
embedded device is regarded as a combination of two independent
devices (device 1 is Ni/TaO,/Ta, and device 2 is Ta/TaO,/NiSi).
Once Ni CF forms over the entire stack, the device turned on
(switched from HRS to LRS). When negative voltage was applied to
the top electrode, lateral dissolution occurred at the top of the Ni CFs
because the high electric field was focused on the top. [22] In
particular, only the Ni CFs in device 1 were removed, while those in
device 2 remained because of the electric field screening effect of
the embedded Ta layer. The remaining Ni CF lead to increased
current at HRS caused by a synergetic effect with decreased
effective thickness due to the embedded Ta layer. In addition, the
random formation of Ni CFs was suppressed when positive voltage
was applied to the device because the electric field was locally
focused on top of the remaining Ni CFs in device 2. Therefore, the
location of newly formed Ni CFs was confined near the remaining
Ni CFs in device 2, thus improving the resistive switching behavior
of CBRAM.

Conclusions

In conclusion, the resistive switching behavior and mechanism
of fabricated CBRAM devices consisting of Ni/TaO,/NiSi with
an embedded Ta layer were investigated. The Ta-embedded
TaO, device exhibited superior switching characteristics
compared to the device without a Ta layer due to a modified
switching mechanism. The Ta-embedded device is regarded as
a combination of two devices (Ni/TaO,/Ta and Ta/TaO,/NiSi).
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During the forming process, Ni CF formed over the whole
combined device. However, formation and rupture of Ni CFs
occurred only in the Ni/TaO,/Ta region, while Ni CFs in
Ta/TaO,/NiSi were unchanged by the applied bias due to the
electric field screening effect of the embedded Ta layer. The
random formation of Ni CFs can be suppressed by unchanged
Ni CFs in the Ta/TaO,/NiSi region because the electric field is
concentrated on top of the Ni. This study suggests that the
insertion of a metal layer in an oxide channel can significantly
improve the CBRAM performance by achieving better
endurance and resistance distribution.
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