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Resistive random access memory based on transition metal oxide materials has attracted much
recent attention for the development of next-generation non-volatile memory. The Hf:NiO, devices
showed driving mode transformation by the Hf content in the system. Unipolar resistive switching
was observed at 2% of Hf concentration while a bipolar resistive switching was observed at 10%.
Un-stable switching was shown at 30%, and non-stable breakdown was followed by 100%. These
variations of I-V characteristics can enhance understanding of resistive switching phenomenon
under the material incorporated system. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4867233]

With scaling of semiconductor device technologies into
the sub-22-nm generation of non-volatile memory, concerns
related to fundamental physical limitations have become
more pressing. These fundamental limitations may result in a
new paradigm, with radical changes in fabrication processes
and materials. One of the more promising alternatives is
resistive random-access memory (RRAM) based on transi-
tion metal oxides (TMOs), which has attracted significant
interest because of the ease of high-density design, reduced-
power consumption, short SET/RESET times, and large
window of high/low resistance ratios with non-volatile
properties.'™ Resistivity-switching phenomenon was first
reported in 1962, and since then, there have been numerous
investigations into this material system.” The resistive
switching in TMO facilitates a transition between two
bi-stable states: a high-resistance state (HRS) and a low-
resistance state (LRS). The SET and RESET processes occur
via changes in an applied voltage. TMO-based RRAM has
two modes of operation, so-called unipolar resistive switch-
ing (URS) and bipolar resistive switching (BRS), and differ-
ent models are used to explain the physical processes that
occur in each mode. URS is generally modeled by consider-
ing a filament-dominant effect in the oxide films and can be
understood in the framework of the thermochemical memory
(TCM) model.> However, the BRS mode is typically mod-
eled as a combination of filament conduction and interface
effects, which are controlled by applying a voltage with the
opposite polarity. Generally, the valence-changing memory
(VCM) model is most widely used to describe the BRS
mode.?

Among the various materials, NiOy has been intensively
studied because of the simple constituents and high LRS/HRS
ratio (>10%).*° Earlier, intentionally non-stoichiometric NiOy
systems incorporating elements including Ti,® Cu,” Nb,® and
Li® have been studied. Doping with Ti leads to the creation of
metallic Ni defects even at high oxygen pressures, which facil-
itates bi-stable resistive switching.® Similar properties have
been observed by doping with Cu and Nb, leading to an
improvement in the difference between the switching biases
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and a reduction of the operating voltage by creation of metallic
defects and Vg, centers.”® Uniquely, Li incorporation results in
an accompanying decrease of the LRS/HRS ratio and an
improvement of the thermal stability of the HRS in NiO.
Furthermore, the prospect of mono-stable threshold switching
is more likely with Li doping, which implies that the Li atoms
act as oxygen suppliers rather than defect creators.” Perceived
from abovementioned works, we focused on Hf incorporation
and its affection on the variation of the resistive-switching
characteristics. Hf has a standard electrode potential (SEP) of
—1.70V, which reflects a tendency toward metal oxidation
and is larger than that of the defect-creating elements
(Ti: —=1.63V, Cu: 40.15V, and Nb: —1.09 V) but smaller than
that of the oxygen supplier, Li, which has an SEP of —3.04 V.
This suggests that both phenomena may be possible through a
reduced V, formation energy, E',, and enhanced oxygen con-
centration, by optimizing the Hf concentration.'®'?

The devices were formed from a Pt/Ti/SiO,/Si substrate.
Solution processing was used to form the Hf:NiOy layers. The
precursor solution was synthesized by dissolving Ni nitrate hex-
ahydrate in 2-methoxyethanol with 0.5 M mono-ethanolamine
and 0.5 M acetic-acid. Hf chloride hydrate was used in the fol-
lowing compositions: 1:0.02, 1:0.1, 1:0.3, and 1:1 in order to
generate 2%, 10%, 30%, and 100% Hf incorporation levels,
respectively. A multi-stacking fabrication method, performed
with seven sequential spin-coating steps following an initial
20-min 300 °C pre-anneal, was used to enhance the thin-film
quality. A post annealing was carried out at 450 °C for 2 h. The
thickness of all Hf:NiOy layers is ~100 nm. A 100-nm-thick Al
was deposited using thermal evaporator.

Figure 1 shows the current-voltage (I-V) characteristics of
the AIl/Hf:NiO,/Pt device after forming process. The 2%
Hf:NiO, (Fig. 1(a)) thin film displays typical characteristic as
pristine NiO, based device of our previous report.'> As
the applied voltage increased to ~2.25V and ~5.95V, the
RESET and SET process were observed, respectively. Overall,
the 2% Hf:NiOy thin film showed clear switching characteris-
tics, maintaining a high LRS/HRS ratio of ~10°. This implies
that the incorporated Hf atoms act as defect creators at 2%, and
oxygen supply behavior was insignificant.°® When Hf was
added up to 10%, the driving mode was changed to BRS
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FIG. 1. I-V curves corresponding to the 2%, 10%, 30%, and 100% Hf:NiOy devices. (a) 2%, bi-stable URS, (b) 10%, bi-stable BRS, (c) 30%, un-stable BRS,

and (d) 100%, non-stable breakdown.

mode, as shown in Fig. 1(b). This phenomenon is noteworthy
because the transition from bi-stable resistive switching to
mono-stable switching has been widely reported in terms of
oxygen concentration.'*'> However, this transformation of
resistive-switching modes, from URS to BRS, is rarely
observed except in compliance current adjustments,'® due to
the distinctive operation mechanism of each mode. The 10%
Hf:NiOy thin film had a large LRS/HRS ratio of ~10°. The
SET process was observed at —6.81 V, switching in the nega-
tive region of the HRS (NHRS) to the negative region of LRS
(NLRS). The RESET voltage of the LRS (PLRS) switching to
the positive region of the HRS (PHRS) was +6.37V. The
measured RESET current was approximately 0.02 mA, which
is 100 times smaller than that of the unipolar switching current
observed in the 10% Hf:NiOy thin film. Figure 1(c) shows the
[—V characteristics of the 30% Hf composition thin films.
Switching failure was observed, with a degradation of the
LRS/HRS ratio to less than a factor of ten. Figure 1(d) shows
the [—V characteristics of the 100% Hf:NiO, device.
Non-stable insulator breakdown with permanent short current
was observed.

To verify the crystallographic structure of 2%, 10%,
30%, and 100% Hf:NiO, thin films, we measured X-ray
diffraction (XRD) (see supplementary material for Figure
S1%%. As the Hf content increased, the NiO (111), NiO
(200), and NiO (220) peaks started to diminish, finally result-
ing in an amorphous structure. This deteriorated crystallinity
is attributed to the non-lattice oxygen component which
enlarges the lattice constant and the induced lattice stress
owing to the ionic radii difference between Ni to Hf atom.'”
As the grain boundaries are known as the preference site for
conduction filament (CF) formation,'® totally amorphized
phase of 100% Hf:NiO, intimates the permanent breakdown
of TMO layer with their non-stable /-V characteristics.

Isothermal /—V profiles were used to analyze the trans-
formation between the two bi-stable memory-switching
modes, URS and BRS. Figures 2(a) and 2(b) show linear
regressions to the /—V curves for 2% and 10% Hf:NiO, devi-
ces in the high-voltage region of HRS, respectively. In both
plots, Poole-Frenkel (PF) emission was observed, with a gra-
dient of 1.97 and 2.41, respectively. In contrast to the
charge-transport mechanism in the HRS, which follows PF
emission for both 2% and 10% Hf:NiO,, a significant dis-
tinction between these two devices was observed at LRS cur-
rents. The LRS current of the 2% Hf:NiO, device showed
Ohmic /—V characteristics at voltages smaller than that cor-
responding to the RESET process, as shown in Fig. 2(c). As
the RESET bias was approached in the 2% Hf:NiO, device,
there was a reduction in the gradient of the /—V curve, which
implies the formation of metallic CFs, formed from Ni.
Thus, the conventional TCM model is applicable to the URS
operation mechanism in the 2% Hf:NiO, device, as shown in
Fig. 3(a). Following the initial forming process, the current
can flow within the newly formed CFs (LRS) which is
mainly composed of metallic Ni. Induced joule heating
becomes significant in the metallic Ni path as the injected
current density increases. When the applied voltage becomes
large enough to cause thermochemical reactions between
metallic Ni and oxygen ions, the NiOy can be formed, which
ruptures the filament path (RESET, HRS). This phenomenon
is possible due to the preference of lower valence states at
high temperatures, which is typical for stable oxide associ-
ated with the negative free energy of formation.” The revers-
ible transition HRS to LRS (SET) can be possible by higher
field injection (over SET voltage), which regenerate the CF
again and complete the 1 cycle of memory operation. In con-
trast to the 2% Hf devices, the LRS /—V characteristic was
Ohmic in the 10% Hf:NiOy devices only at relatively low
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FIG. 2. The HRS /—V characteristics of (a) 2% and (b) 10% Hf:NiO,. In both cases, PF emission was dominant. (¢) LRS log(/)—log(V) plot for the 2%
indicates Ohmic conduction. (d) LRS log(/)—log(V) plot for the 10% shows a transition from un-filled trap SCLC (at low-voltage region) to trap-filled SCLC

(at high-voltage region).

voltages, while space-charge limited conduction (SCLC)
becomes dominant in the high-voltage region, as shown in
Fig. 2(d). This Ohmic relationship in the low-voltage region
indicates the dominance of a thermally generated carrier den-
sity, rather than an injected carrier density. However, in the
high-voltage region, the gradient of the log(/)—log(V) plot
was approximately 2, which indicates a predominance of
SCLC current flow without traps. It should be noted that the
observation of SCLC current, which was observed up to the
RESET voltage without degradation, implies that bi-stable
switching results in an interface effect, with the formation of
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FIG. 3. (a) TCM model describes the behavior of the 2% Hf:NiO,. The
bi-stable URS mode is based on oxidation and reduction of the metallic Ni
component. (b) VCM model describes the behavior of the 10% Hf:NiO,. An
interface insulating oxide layer and separated Vg centers can explain the
BRS mode.

calculations, a distribution of isolated Vg is expected, as
opposed to the formation of Vg clusters.'” Thus, isolated
Vo centers can remain in a TMO system and provide the
conduction pathways.'® At the BRS driving voltage in the
10% Hf:NiOy devices, CFs may transform to non-negligible
traps, such as Vgq. In this case, the VCM with interface
effects is the most appropriate model to explain this transi-
tion BRS mode (Fig. 3(b)). At the initial NHRS state,
because of the thick interface-insulating layer that forms in
the highly stoichiometric system, the NHRS is maintained.
However, when the applied voltage reaches the negative
SET voltage, current can flow in the NLRS through Vg
based CFs, with the oxygen ions migrating to the Pt elec-
trode, which moderates the interface oxide layer. In contrast
to the URS mode, and despite applying a higher voltage, the
RESET process did not occur because the formed filaments
were not thick and dense enough to generate the heat
required for rupturing them. For RESET to occur, the oppo-
site polarity of the applied voltage is required. When the
applied voltage reached the positive RESET bias, where the
migrated oxygen forms an interface-insulating layer again at
the Al electrode, it can switch to the PHRS and complete the
Icycle of RRAM operation. In this case, the role of
left-behind oxygen vacancies is not critical due to the inter-
face insulating oxide layer.

Figures 4(a) and 4(b) show cross-sectional high-resolu-
tion transmission electron microscopy (HR-TEM) images of
the 2% and 10% Hf:NiOy device, respectively. In both cases,
interface oxides were observed; however, the thickness for
this layer was 3.78 nm in the 2% device and 7.52 nm in the
10% device. The extended high-resolution image of the 2%
in Fig. 4(c) reveals well-defined nanocrystalline grains
with a d-spacing of 2.444 A, 2.079 A, and 1.476 A. A fast
Fourier transform (FFT) was applied to the image (inset of



093508-4 Yoon et al.

NiO(111)

N

Top electrode Top electrode

Top electrode

Bottom electrode § 20nm  Bottom electrode
—

Bottom electrode § 2 Bottom electrode

Top electrode Top electrode

Bottom electrode Bottom electrode

Bottom electrode §20nm  Bottom electrode
-—

FIG. 4. The cross-sectional HR-TEM images of (a) 2% and (b) 10%
Hf:NiO, based RRAM. In common, the top electrode (A and A’), interface
layer (B and B’), and TMO (C and C') are depicted. The extended HR
images of 2% and 10% Hf:NiOy layers are shown in (c) and (d), respec-
tively. EDS mapping data were depicted at (e) 2% and (f) 10% Hf:NiOy.

Fig. 4(c)), which confirms the nanocrystalline phases of the
TMO layer in the 2% device. However, the extended
HR-TEM image for the 10% device (shown in Fig. 4(d))
exhibited a broadened amorphous matrix. Energy dispersive
spectroscopy (EDS) mapping shown in Figs. 4(e) and 4(f),
together with a spot analysis (data not shown), confirmed the
composition of the spots labeled A, B, and C in the figures to
be Al, Al,O3, and Hf:NiO,, respectively. Interestingly,
although there was almost no Al detected in spot C (the 2%
device, Fig. 4(c)), a significant amount of Al was detected in
spot C' (the 10% device, Fig. 4(d)). This can be understood
by considering the high negative SEP of Hf compared with
that of Ni. In fact, by the line scan of EDS profile spot A to
C (Fig. 5(a)) and A’ to C’ (Fig. 5(b)), Al related oxide layer
can be detected with more quantitative way. It is apparent
that the thicker interface oxide is expected and originated
from the higher Hf concentration. Thus, it seems that the
thicker interface oxide with potential Al distribution at TMO
layer performed crucial role for the transformation of driving
mode, URS to BRS. Specifically, in 10% Hf:NiO, system,
the segregated ions are not likely to form CF and control
resistive switching behavior.>® Rather, they are associated
with the nonmetallic behavior as a result of oxidation, which
leads to weaker and thinner CFs. In this case, the current in
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TABLE I. Calculated integration O 1s composition of Gaussian subpeaks.

0" related O related OH™ related
Eg (eV) (527-530eV) (530.6-531.1eV) (531.1-532¢eV)
Hf:NiO, (2%) 74.1% 11.5% 14.3%
Hf:NiO, (10%) 76.9% 14.0% 9.0%
Hf:NiO, (30%) 76.8% 18.4% 4.6%
Hf:NiO, (100%) 82.5% 13.0% 4.2%

the structure is attributed to electron hopping between Vg
sites.'%!'? X-ray photoelectron spectroscopy (XPS) was used
to characterize the Hf content in the NiO4 system. The O 1s
peaks corresponding to 2%, 10%, 30%, and 100% Hf:NiO,
fitted using Gaussian subpeaks centered at 529.34eV,
530.97eV, and 532.09eV (see supplementary material for
Figure S2°*). Each subpeak represents the lattice oxygen,
Vo, and hydroxide-related component, respectively.?' The
composition are summarized in Table I. The most prominent
feature of the O 1s spectra is an increase of the lattice oxygen
peak following the increased Hf content. This behavior sug-
gests that the incorporated Hf acts as an oxygen supplier at
any concentration. However, it is worth noting that the frac-
tion of Vg increased when the Hf concentration was
increased from 2% to 30%, even though the overall
non-lattice concentration decreased. This suggests that the
Hf also acts as defect creator via a reduced E," up to 30% Hf
incorporation. Also, the increased concentration of Vg in the
range of 2% to 10% Hf:NiO, indicates that the Vg centers
may facilitate the formation of CFs. Moreover, the genera-
tion of Vg centers is enabled by lowering E', near the Hf
doped sites.'®"'? The Vg centers can form a non-metallic fil-
ament network in the LRS of the 10% Hf. The measurements
on Ni 2p XPS spectra also support abovementioned aspects
(see supplementary material for Figure S3%%).The peak cen-
tered at 853.7¢eV indicates a metallic Ni component,”* and
as the Hf content increased, this metallic Ni peak shifted to
higher energies, broadened, and eventually became indistin-
guishable from the shoulder peak that originates from NiO**
at Hf fractions above 30%. These results are consistent with
the non-stable phenomena related to diminished metallic Ni
levels.®

In summary, we researched the Hf incorporation effect
which accompanies the variation of resistive switching char-
acteristics on solution-processed NiO, based RRAM. The var-
ied Hf incorporation contents were 2%, 10%, 30%, and 100%,
and each amount results in the differences among the resistive
switching characteristics. At 2% Hf:NiO,, bi-stable URS
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mode was clearly shown, and unexpected transformation to
bi-stable BRS was observed at the 10% Hf:NiO,. At 30% and
100% Hf:NiO,, un-stable BRS mode and non-stable dielectric
breakdown were observed, respectively. The transition of
driving mode URS to BRS is mainly attributed to the genera-
tion of thicker interface oxide layer and potential Al distribu-
tion at TMO layer with the Vg distribution effect. Also, the
variation to bi-stable memory switching to un-stable resistive
switching characteristics is mainly caused by the reduced me-
tallic Ni components and the shrunken grain size. The extinc-
tion of metallic Ni, amorphized phase, and degradation of Vg
concentration with highly stoichiometric system lead the
non-stable dielectric breakdown.

This work was supported by the National Research
Foundation of Korea (NRF) Grant funded by the Korean
Ministry of Education, Science and Technology (MEST)
[No. 2011-0028819].
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