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As an industry accepted storage scheme, hafnium oxide (HfOy) based resistive random access memory (RRAM)
should further improve its thermal stability and data retention for practical applications. We therefore fabricated RRAMs
with HfO,/ZnO double-layer as the storage medium to study their thermal stability as well as data retention. The HfO,/ZnO
double-layer is capable of reversible bipolar switching under ultralow switching current (< 3 pA) with a Schottky emis-
sion dominant conduction for the high resistance state and a Poole-Frenkel emission governed conduction for the low
resistance state. Compared with a drastically increased switching current at 120 °C for the single HfO, layer RRAM, the
HfO,/ZnO double-layer exhibits excellent thermal stability and maintains neglectful fluctuations in switching current at
high temperatures (up to 180 °C), which might be attributed to the increased Schottky barrier height to suppress current at
high temperatures. Additionally, the HfO,/ZnO double-layer exhibits 10-year data retention @85 °C that is helpful for the

practical applications in RRAMs.
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1. Introduction

As one of the most promising nonvolatile storage tech-
nologies exhibiting fast write/read speed, good scalability, low
power consumption, and good endurance, resistive random ac-
cess memory (RRAM) has attracted much attention from in-
dustries and academic communities.[!™*! In recent years, vari-
ous metal oxides have been studied as the storage medium of
RRAMs, and conducting models have been adopted to inter-
pret the oxide-based resistive switching.'*"1% Among them,
hafnium oxide (HfO,) has been intensively investigated for
its approbation from industries. Shrinking physical dimen-
sions of a memory cell to meet the requirements of three-
dimensional (3D) integration is an inevitable choice for fur-
ther expanding the storage capability and meeting the demand

g.1>11=13] However, tiny space ac-

of neuromorphic computin
commodating cells in a large number would face fluctuations
in switching parameters due to the thermal disturbance trig-
gered by joule-heating. Consequently, the significance of im-
proving thermal stability and data retention is manifest.[14-17]

In order to achieve this goal, several schemes have been

18-22] Keeping the density of oxygen vacancy (V)

attempted. !
high enough has been confirmed to effectively ensure thermal
stability and data retention.!'®!°) If a more thermally-stable
thin film serves as a cap to suppress oxygen releasing from ac-
tive switching layers, the thermal stability and data retention

might also be enhanced due to the maintenance of V,.[?’! Ad-
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ditionally, metal electrodes with suitable thermodynamic abil-
ity are able to strengthen the thermal stability and data reten-
tion of an RRAM by forming conductive filaments with favor-
able geometry to alleviate oxygen stochastic movements.?!]
Furthermore, a buffer layer could also be used to sustain the
stability of a V,, assisted conductive filament (CF).??l There-
fore, sustaining the status of the Vs (or oxygen ions) is criti-
cal for improving thermal stability and data retention, and the
thin films adjacent to the active switching layers may play an
important role.

As wide band gap oxides exhibit high transmittance in
visible regions, HfO, and zinc oxide (ZnO) with excellent
switching properties have also been considered as the stor-

14.23-27] Several schemes

age medium of a transparent RRAM. [
have been proposed to enhance switching properties. How-
ever, few efforts have been made to improve thermal stability
and data retention. As we know, electron barrier at the inter-
face might affect the switching properties of an RRAM, whose
thermal stability and data retention might be affected as well.
Recently, we have reported switching current reduction with
an HfO,/ZnO double-layer,!?®! confirming effects of interface
on performance. However, thermal stability and data reten-
tion are still absent. In this paper, we further investigate the
HfO,/ZnO double-layer (DL) to study the effects of the adja-
cent ZnO layer on the thermal stability and data retention of
the RRAMs.
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2. Experimental details

To fabricate an HfO,/ZnO double-layer RRAM as shown
in the inset of Fig. 1(a), procedures were the same as presented
in Ref. [28]. All depositions were completed at room tempera-
ture. The RRAMs with single layer (SL) (Ti/~15 nm ZnO/ITO
and Ti/~30 nm HfO,/ITO) were also fabricated for com-
parisons. The as-fabricated memory cells were subsequently
tested with a semiconductor parameter analyzer (4200-SCS;
Keithley, USA) with 0.5 V for reading resistance. Voltage
bias was applied on the top electrode (TE) while the bottom
electrode (BE) was kept electrically grounded. The measure-
ments were carried out at room temperature to 180 °C in or-
der to evaluate the thermal stability and data retention. The
composition of the thin films was also studied by an x-ray
photoelectron spectrometer (XPS, Escalab 250; Thermo Sci-
entific, USA) equipped with a monochromatic Al K source
(hv = 1486.60 eV). Scans with a step of 0.05 eV and pass
energy of 30 eV were performed for binding energies of spe-
cific elements with charge correction using the C 1s spectra at
284.60 eV.

3. Results and discussion
3.1. Switching properties of the RRAMs

Figure 1(a) shows the DC swept current—voltage (I-V)
curves of the SL-RRAMs and the DL-RRAM. Forming-free
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and bipolar resistive switching (RS) behaviors are observed
from the multi-cycled /-V curves. The DL-RRAM switches
from an initial high resistance state (HRS) to a low resis-
tance state (LRS) with a compliance current (/..) of ~ 2 pA to
avoid hard breakdown, and the set process is thus completed
by a low power of ~ 14 uW. For the reset process to com-
plete the transformation from an LRS to an HRS, ~ 0.8 uyW
(100 nA, —8 V) is required. Consequently, the HfO,/ZnO
double-layer suppresses switching current to pA from mA.
Another obvious feature of the DL-RRAM is the asymmet-
ric I-V curves. Considering the symmetric /-V curves of
the SL-RRAMs [Figs. 1(a), 1(c), and 1(d)], the asymmetric
I-V curves may be ascribed to the barrier at the HfO,/ZnO
interface.[>%3%1 Additionally, uniformity of set voltage is im-
proved by the HfO,/ZnO double-layer with suppressed fluctu-
ations. To evaluate the thermal stability of the switching prop-
erties, we investigated the temperature dependence of the set
voltage and the set current from room temperature to 180 °C.
As shown in Fig. 2, increasing ambient temperatures decreases
the set voltages to less than 5 V for both the DL-RRAM and
the SL-RRAM. As for the set current to complete the trans-
formation from an HRS to an LRS, the DL-RRAM sustains
a low switching current (~ 2 pA) with neglectful fluctuations
at ambient temperatures up to 180 °C, while the set current of

the SL-RRAM abruptly increases at temperatures over 120 °C
[see Fig. 2(b)].
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Fig. 1. (color online) (a) Reproducible /-V curves of the SL-RRAMs and DL-RRAM with the device structural diagram in the inset,
() In(1)-V°3 and In(I/V)-V°3 fittings for the HRS and LRS of the DL-RRAM. Also, double logarithmic scale I-V curves of the

SL-RRAMs with (¢) 30-nm HfO, and (d) 15-nm ZnO are present.
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Fig. 2. (color online) Temperature-dependence of (a) set voltage and (b)
set current of the DL-RRAM and the 30-nm HfO,-based SL-RRAM.

3.2. Switching mechanism of the RRAMs

As shown in Fig. 3, the currents at both the HRS and the
LRS increase with temperature rise, which excludes electrons
transportation through metallic conductive filaments but sug-
gests a semiconductor conduction behavior.[*!! Several mech-
anisms have been proposed to explain conductions during
switches, the fittings of the measured /-V curves using differ-
ent conduction mechanisms such as Schottky emission, Poole—
Frenkel, Fowler—Nordheim, and space charge limited current
(SCLC) behavior, have been carried out.’?! The well linear
fittings of the In(f) ~ V% and the In(I/V) ~ V%3 shown in
Fig. 1(b) respectively suggest a Schottky emission dominant
conduction in the HRS and a Poole-Frenkel emission gov-
erned conduction in the LRS. However, the double logarithmic
scale I-V curves of the SL-RRAMs shown in Figs. 1(c) and
1(d) indicate SCLC-dominant conductions for the HRS due to
the integration of an Ohmic region (/-V), a Child’s square-law
region (I-V?), and even a region with exponentially increased
current (I—V5 ). As for the LRS of the SL-RRAMs, the pre-
sented Ohmic behaviors suggest a filament-assisted conduc-
tion. Therefore, the applied electric field in an initial HRS
SL-RRAM usually drives oxygen ions out of the lattice matrix
and leaves Vs to form CFs to complete the normally observed
transformation from an HRS to an LRS.[3!]

To highlight the switching mechanism in the DL-RRAM,
oxygen migration should be taken into account. Once
the HfO, layer is deposited on the ZnO layer, the oxy-
gen ions in the ZnO thin film would migrate into the HfO,
thin film due to a difference in Gibbs free energy of ox-
ide formation (AGgzno = —320.5 kJ/mol and AGiuro, =
1145.0 kJ/mol),[zo’m which results in a more conductive ZnO

layer with many more V,s and a more electrically insulative
HfO, layer with more stoichiometric properties. To confirm
this hypothesis, we prepared thick (~ 30 nm) HfO, films on
glass substrate, thick (~ 30 nm) HfO, films on the ZnO layer,
and thin (~ 5 nm) HfO, films on the ZnO layer. O 1s XPS
spectra of the three samples were then acquired as shown in
Fig. 4. An ignorable peak shifting can be observed for the
two thick HfO, films, while an obvious O 1s peak shifting
to lower values appears for the thin HfO, films on the ZnO
layer, suggesting oxygen release from the ZnO layer creates
a less oxygen-deficient HfO, layer and leaves the ZnO layer
with many more V,s./?% Therefore, the ZnO layer in an as-
prepared DL-RRAM is indeed highly conductive which also
agreed with what was observed in Figs. 1(a) and 1(d). To
complete electron transport from the BE to the TE, conduc-
tion band offset (CBO) acting as barrier (2.35 +0.02 eV) at
the HfO,/ZnO interface should thus be overcome, *8! exhibit-
ing a Schottky emission dominant conduction in the HRS as

shown in Fig. 1(b).1?8:30]
_6 -

P 7 o

T 107F > I

=] */ b=

g ° 8

= 108 / ./ -8 g

8 * ./ 410 z

% 10-9F ./'/ &
J10-9 ~

10-10 ’o/ 0

20 40 60 80 100 120 140
Temperature/°C

Fig. 3. (color online) Temperature-dependent currents @0.5 V for the
HRS and LRS of the DL-RRAMs.
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Fig. 4. (color online) O 1s XPS spectra of the HfO, thin films and those
deposited on the ZnO.

If further increased electric field is applied to the memory
cell to complete the set process, some V,s in the HfO, thin
film would be generated to serve as trapping centers for elec-
tron transportation. ?8! Unlike the Vs in the ZnO with a high
concentration to form conductive channels, Vs in the HfO,
thin film are still insufficient for electron direct transport be-
tween them. Considering the increased electric field to reduce
Coulomb potential energies of the electrons, the probability of
an electron getting into the conduction band of the HfO, thin
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film by thermal excitation out of the trapping centers (Vs in
the HfO, thin film) would be increased. 3% Therefore, we can
observe the Poole—Frenkel emission conduction in the LRS,

whose current density (Jigs) is thus given by[3*!

In(Jigs/E) = q(ksT) '\/qE /meceo — q (ks T) ' @y +1InC
= A(T)VE+B(T), (1

where T is the temperature, kg is the Boltzmann constant, g is
the electric charge, E is the electric field, & is the permittiv-
ity of free space, & is the relative dielectric permittivity, ¢ is
the barrier height for electron emission from the trapping cen-
ter, C is constant, and B (T) = —q (kgT) " ¢ +InC represents
the ordinates intercepts of the extension line in the graph of
In(Jirs/E) against E% [see Fig. 5(a)]. The emission barrier
height (@) could thus be acquired according to the slope of
B(T) versus 1000/T as shown in Fig. 5(b), which is agreed
with the trapping energy of V,, in a-HfO,.!3*! The conduction
in the LRS could thus be governed by a Poole—Frenkel emis-
sion mechanism with the V,s assisting electron transport in
the HfO,.
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Fig. 5. (color online) (a) In(Jrrs/E )—E93 curves of the LRS of the DL-
RRAM at different temperatures, and (b) the intercepts B(T') obtained
from the curves in panel (a) as a function of 1000/7.

3.3. Understanding the thermal stability and data reten-
tion
Thermal stability of the switching current is very impor-
tant for maintaining normal working status at high temper-
atures. The Schottky emission dominant conduction in the
HRS suggests a close relationship between the current and the

Schottky barrier height (®g). We therefore investigated the

temperature-dependence of Schottky barrier height of the DL-
RRAMs.

Increased temperature may facilitate oxygen ions getting
out of lattice matrix by leaving Vs in the oxides. For the
SL-RRAM under an electric field, more V,s would be gener-
ated at high temperatures to favor the formation of V,, assisted
conductive filament. Consequently, we observe a drastically
increased current at high temperatures as shown in Fig. 2(b).
However, situations would be totally different for the DL-
RRAMs.[?8] As the oxide-deficient HfO, exhibits p-type con-
duction behavior and the presence of V,s normally causes n-
type Zn0O,?>361 4 p—n junction forms at the HfO,/ZnO inter-
face. According to the band diagram of the DL-RRAMs, 28]
a more p-type HfO, with a more upward band bending and a
more n-type ZnO with a more downward band bending might
be formed at the HfO,/ZnO interface due to the generation of
Vos under high temperature. Conduction band offset (CBO)
acting as &g at the HfO,/ZnO interface should thus be in-
creased to sustain ultralow switching current at even 180 °C
as what was observed in Fig. 2(b). Apart from the above dis-
cussion, experimental results also confirm the hypothesis. The
current density at the HRS (Jgrs) can be determined by the

Schottky emission: 37!

Jurs = A*T? exp[—q(Pp — \/qE /4ne &) ke T],  (2)

where A* is the Richardson constant, &g is the Schottky
barrier height, and the other parameters are previously de-
fined. At a certain temperature, Pp can be expressed as
@ = kgTq '[In(A*T?) — InJyrso] Where Jirso means the
current density at the temperature if the electric field is zero.
We could thus plot In(Jgrs)—-E®> curves for the HRS at dif-
ferent temperatures as shown in Fig. 6, according to which
the InJyrs changes less than 10 upon the temperature varia-
tions from 298 K to 393 K. Considering the room tempera-
ture CBO (~ 2.35 eV) of the HfO,/ZnO layer,?® the barrier
heights at the HfO,/ZnO interface would thus be reduced to
~2.43,~2.61,~2.74,and 2.91 eV respectively for 323, 348,
368 and 393 K, indicating the &g actually increases with the
rising of temperature.
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Fig. 6. (color online) In(Jyrs)—-E%> curves of the HRS of the DL-
RRAM at different temperatures.
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Data retention is also crucial for the practical applications
of the RRAMs. To investigate the retention reliability of the
RRAMs, the thermal accelerating measurement for resistance
switching under various temperatures was carried out. Fig-
ure 7 shows the data retentions of the DL-RRAMs and the
SL-RRAMs at different temperatures. The retention failure
time was defined as the time for the resistance increasing to
twice of its original value (@LRS) or decreasing to half of
its original value (@HRS). According to the retention failure
times present in Fig. 7, the HfO,/ZnO layers extend the HRS
retention failure time at all temperatures, suggesting desirable
HRS retention characteristic with the HfO,/ZnO double lay-
ers. For the LRS, the HfO,/ZnO layers shorten the retention
failure time to 600 s from 2500 s at 180 °C, but prolong it
to 9800 s from 8900 s at lower temperature of 160 °C, in-
dicating the HfO,/ZnO double layers might favor LRS data
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105 b b |
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retention at lower temperatures. To further estimate the reten-
tion characteristic, we plotted the mean retention failure time
versus the reciprocal temperature as shown in Fig. 8, which
presents the data retention ability of resistance states by us-
ing the Arrhenius equation. This equation is expressed as
ftailure °< €Xp(—E, /kpT), where tgure is the retention time, E,
is the activation energy for the oxygen ions diffusion or V,
migration, kg and T are Boltzmann’s constant and the ambi-

38.39] The retention lifetime of

ent temperatures, respectively. |
the RRAM could be obtained by an extraction result of the
Arrhenius equation. Therefore, the HfO,/ZnO double layers
stabilize the 85-°C HRS retention time to be ~ 10 years in-
stead of 159 hours for the SL-RRAM. Additionally, the 85-°C
LRS retention of the DL-RRAM could also be extended to be

more than 10 years from 78 hours of the SL-RRAM.
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Fig. 7. (color online) Data retention at different temperatures for [(a) and (c)] the DL-RRAM and [(b) and (d)] the SL-RRAM.
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Fig. 8. (color online) Temperature-dependence of the retention failure
times and their fitting lines following the Arrhenius equation for the
DL-RRAM- and the 30-nm HfO,-based SL-RRAMs.

Retention failure should be associated with redistribution
of Vs to affect electron transport and device resistance. As
previously discussed, the V,s assisted CFs would be respon-
sible for the LRS conduction in an HfO,-based SL-RRAM,
instead of the Vs sparsely distributing to assist electron trans-
port governed by a Poole-Frenkel emission conduction in a
DL-RRAM. Driven by the concentration gradient, oxygen ions
easily move to CFs and combine with Vs to narrow or even
cut off CFs. Therefore, the redistribution of the Vs in an SL-
RRAM usually exhibits obvious resistance changes. As for
the DL-RRAMs, redistribution of V,s might also be affected
by temperature rise. However, since the V,s in the HfO, are

sparsely and topologically distributed, slight stochastic move-
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ment of the Vs is able to secure electron transport with ne-
glectful variations in resistance. Consequently, resistance vari-
ations of the LRS SL-RRAM would be more sensitive to tem-
perature rise than that for an LRS DL-RRAM as shown in
Fig. 8.

When it comes to the HRS data retention, the formation
of V,s is obviously necessary to be responsible for the re-
tention failure. A rise in temperature produces V,s in both
the DL-RRAMSs and the SL-RRAMs, which favors the forma-
tion of a conductive filament in the SL-RRAMs and results in
an HRS retention failure. However, once Vs generate in the
HfO, thin films of an HRS DL-RRAM, it might be filled with
some oxygen ions migrating from the ZnO layer, as ZnO has a
greater Gibbs free energy of oxide formation than HfO,. The
HfO,/ZnO double layers could thus hold a better HRS data
retention than a single HfO, layer.

4. Conclusions

The sputter-deposited HfO,/ZnO double-layer capable of
reversible bipolar switching has been prepared with a Schot-
tky emission dominant conduction in the HRS and a Poole—
Frenkel emission governed conduction in the LRS. Switch-
ing current of the DL-RRAMs can be sustained at high tem-
peratures (up to 180 °C) with neglectful fluctuations, which
is ascribed to the increase of Schottky barrier height at the
HfO,/ZnO interface to suppress the increase of current at high
temperatures. In addition, the HfO,/ZnO double-layer shows
no less than 10 years of data retention for the HRS and the
LRS.
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