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The impacts of HfO, inserting layer thickness on the electrical properties of the ZnO-based transparent resistance
random access memory (TRRAM) device were investigated in this paper. The bipolar resistive switching behavior of a
single ZnO film and bilayer HfO,/ZnO films as active layers for TRRAM devices was demonstrated. It was revealed that
the bilayer TRRAM device with a 10-nm HfO, inserted layer had a more stable resistive switching behavior than other
devices including the single layer device, as well as being forming free, and the transmittance was more than 80% in the
visible region. For the HfO,/ZnO devices, the current conduction behavior was dominated by the space-charge-limited
current mechanism in the low resistive state (LRS) and Schottky emission in the high resistive state (HRS), while the
mechanism for single layer devices was controlled by ohmic conduction in the LRS and Poole-Frenkel emission in the

HRS.

Keywords: transparent resistive random access memory (TRRAM), HfO; inserting layer, uniformity, forming-

free
PACS: 77.55.hf, 85.35.—p, 85.30.—z

1. Introduction

Resistive random access memory (RRAM) is considered
as the best potential candidate for the next generation of non-
volatile memory because of its simple structure, good scala-
bility, fast write/read speed, and low power consumption. -]
With the emergence of transparent electronics, transparent
RRAM (TRRAM) has many prospective applications in invis-
ible electronics based on integration of wide-bandgap semi-
conductors. It has attracted many researchers to develop see-
through memory units instead of traditional silicon-based data
storage devices. Recently, many different materials, such as
7Zn0, TiO,, SiOy, HfO,, IGZO, AIN, and egg albumen, have
been discovered as effective active layers for TRRAM.3-I
Transition metal oxides have great advantages not only in
compatibility with CMOS processes, but also in their ther-
mal and chemical stability, as well as high transparency in
the visible region. ZnO has been considered as an excel-
lent active layer for RRAM due to good performance of re-
sistive switching properties such as the coexistence of unipo-
lar and bipolar switching behaviors, transparency, and flexi-
ble application. However, variation in critical switching pa-
rameters and power consumption remain challenges in sin-
gle layer ZnO films for potential TRRAM applications. 310111
Multilayering is one effective way to improve the resistive
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switching behavior.!'>~17] In this paper, the single layer TR-

RAM device (SL-TRRAM) with ITO/ZnO/ITO structure and
effects of inserting layer thickness of HfO, film on resistance
switching properties of bilayer TRRAM device (BL-TRRAM)
were investigated. In addition to being forming-free and hav-
ing a lower reset current, the BL-TRRAM devices with 10-
nm HfO, thickness had better uniformity compared to SL-
TRRAM. Moreover, the average transmittance of the devices
was above 80% in the visible range. The switching mecha-
nism of the SL-TRRAM device in the low resistive state (LRS)
and high resistive state (HRS) was consistent with ohmic con-
duction and Poole—Frenkel emission, while the BL-TRRAM
was controlled by the space-charge-limited current (SCLC)
and Schottky emission mechanism.

2. Experiment

A 50-nm ZnO thin film was deposited by radio-frequency
(RF) magnetron sputtering using a ZnO ceramic target on
a commercial ITO-coated glass substrate in argon-oxygen
(32:8) at 200 °C. For the bilayer TRRAM, HfO, films with
different thicknesses (5 nm, 10 nm, and 15 nm) were sput-
tered on ZnO film in an ambient environment of Ar (36 sccm)
and O (6 sccm). 150-nm ITO was deposited as the top elec-
trode (TE) in an Ar environment with a metal mask 300 um
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in diameter. Optical transmittance of the device was measured
using a Lambda 750 UV/VIS spectrophotometer. The crystal
structure and surface morphology of the ZnO film and HfO,
film were analyzed by x-ray diffraction (XRD) and atomic
force microscopy (AFM), respectively. The resistive switch-
ing characteristics of TRRAM devices were measured using
an Agilent B1500 semiconductor parameter analyzer. The bias
was applied on the TE while the bottom electrode (BE) was
grounded.

3. Results and discussion

As shown in Fig. 1(a), the SL-TRRAM device displayed a
typical bipolar resistance switching, in which the set and reset
processes occurred in the positive and negative bias regions,
respectively. Activation of the TRRAM devices required a
forming process, as shown in the inset of Fig. 1(a), in which
the forming voltage was about —1.4 V. After the initial form-
ing process, the RRAM devices changed to a low resistance
state and then the voltage was swept as 0 V—=4.0 V=0 V—
—3.0 V=0 V. The operation current was about 50 mA. The
operation voltage fluctuated widely while repeating the reset
and set processes over 20 cycles. Statistical analysis found
that the set voltage was spread between —0.84 V and 0.55 V
and the reset voltage had a larger spread between 2.03 V and
2.72 V. To study the device endurance, one of the fundamental
challenges in nonvolatile memory devices, the LRS and HRS
were measured at a bias voltage of —0.1 V for different switch-
ing cycles as shown in Fig. 1(b). Resistances in LRS at dif-
ferent switching cycles up to 200 were very steady at around
40 Q, while in HRS the resistance decayed from 6 kQ to 2 kQ.
Similar attenuation in the HRS with switching cycles has also
been found in the previous research!!8! and can be explained
in terms of continuous depletion of oxygen ions stocked in
the electrode layer during reset transition. The lack of oxygen
ions reduced the probability of recombination of oxygen va-
cancies, thus caused the insufficient reset and reduction of the
HRS resistance.

There were major obstacles in using the ZnO single layer
for practical applications, including non-uniformity in the
distribution of operation voltage and high operation current.
Therefore, bilayer HfO,—ZnO TRRAM devices with three dif-
ferent thicknesses of inserting layer HfO, film were fabricated
to improve the resistive switching behavior. The reset current
decreased as the inserting layer thickness increased from 5 nm
to 10 nm, while there was no significant change from 10 nm
to 15 nm, as shown in Fig. 2(a). In addition, the I-V curve
showed that the operation current was reduced from mA to
pHA, more than 103 times less than that with the SL-TRRAM
device, indicating low power consumption. Furthermore, the

endurance characteristics of devices with three different thick-
nesses were tested, as shown in Figs. 2(b)-2(d). The result
indicated that the device with the 10-nm HfO, film exhibited
a stable and high resistance ratio between HRS and LRS for
200 cycles, while there was high fluctuation and degradation
of the resistance ratio (below 10 for 50 cycles) in HRS and
LRS for the devices with 5 nm and 15 nm HfO, films, which
means the device performance was invalid. The improvement
of endurance failure for the 10-nm sample could be regarded
as the electrode generated more O~ to recover the reduced

Ryrs with higher operating voltages. '8!
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Fig. 1. (color online) (a) -V characteristic, and insert is a cross-sectional
image of the ITO/ZnO/ITO structure and forming process; (b) endurance of
the SL-TRRAM.

Because of its relatively outstanding performance, the de-
vice with 10-nm thick HfO, inserting film was further studied.
As shown in Fig. 3(a), the subsequent cycles are almost coin-
cident with the first cycle (red line), indicating that the device
was electroforming-free. Meanwhile, the reset voltages were
uniformly distributed close to 3 V over 20 cycles, as shown
in Fig. 3(b), which was much better than the SL-TRRAM de-
vices. Figure 3(c) showed that the resistance in the HRS for the
BL-TRRAM device fluctuated less than the SL-TRRAM. Fig-
ure 3(d) exhibited variation in HRS and LRS with time for the
BL-TRRAM device at 85 °C. After 10* s, there was no obvi-
ous degradation observed in HRS or LRS. The results showed
a remarkably reliable performance of the TRRAM devices for
nonvolatile memory application.
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Fig. 2. (color online) ITO/HfO,/ZnO/ITO structure devices. (a) I-V characteristics; (b) endurance of different HfO, thicknesses of 5 nm, (c)
10 nm, and (d) 15 nm, and the double arrows and numbers in panels (b), (c), and (d) indicate the resistance ratio between HRS and LRS.
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Fig. 3. (color online) 10 nm-HfO, bilayer TRRAM. (a) I-V curves up to 20 cycles; the cumulative distributions of (b) the operating
voltages, (c) resistance in the HRS for SL-RRAM and BL-RRAM, and (d) retention.

Next, the surface morphology of the ZnO and HfO, films and crystal structure of the HfO, film deposited on ITO/glass
substrate were analyzed using AFM and XRD, respectively, the results of which are shown in Fig. 4. The RMS roughnesses
of the ZnO and HfO, thin films were 2.57 nm and 2.94 nm, respectively, which suggests that the thin films were relatively flat.
Figure 4(c) shows the crystalline structure of the ZnO film with (002)-orientation; the HfO, film had no significant orientation.
Figure 4(d) displayed the transmission spectra of the fabricated SL-TRRAM and BL-TRRAM devices. The devices had a

high transmittance around 80% in the visible region, indicating the notable transparency property and potential application for
transparent display.
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Fig. 4. (color online) (a) AFM image of ZnO film; (b) AFM image of 10-nm HfO, film; (c) XRD spectra of the ZnO and HfOj film deposited
on ITO/glass substrate; (d) optical transmission spectra of the SL-TRRAM and BL-TRRAM devices, and the inset is cross-sectional image and
photograph of the bilayer device placed onto a background log.
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and (d) in the HRS for BL-TRRAM. Schematic diagrams of band structure for (e¢) SL-TRRAM device and (f) BL-RRAM device.
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To clarify the conduction mechanisms of the devices, I-V
curves for both LRS and HRS states were fitted to various elec-
trical conduction mechanisms with double logarithmic curves.
For the SL-TRRAM, as shown in Figs. 5(a) and 5(b), the lin-
ear fittings of In(I) versus In(V) and the In(J/E) versus E®
(J is current density and E is electric field) signified an Ohm’s
law dominant conduction in the LRS and Ohm’s law at a low
voltage region and Poole-Frenkel emission-governed conduc-
tion in the high voltage region in the HRS.[*! The mechanism
for the resistance switching was based on the formation and
rupture of conduction filaments due to the migration of oxygen
ions and filling of the traps by electrons (as shown in Fig. 5(e)).
However, the double logarithmic /-V curves of LRS and HRS
for BL-TRRAM, as shown in Figs. 5(c) and 5(d), respectively,
suggest that the SCLC mechanism accounts for the current
conduction at LRS and that HRS has Schottky-emission con-
duction.

Due to the high Gibbs free energy of HfO, thin films,
the oxygen ions in ZnO migrate into HfO,, making HfO, less
oxygen-deficient but more insulative. Moreover, because of
the broken chemical bond of ZnO, free oxygen ions could be
generated with the increased electric-field, and then migrate
into HfO, in the HRS, leading to enhanced conductivity of
ZnO and insulation of HfO,. Hence, electron transportation
from the bottom electrode to the top electrode must overcome
the barrier at the HfO,/ZnO interface, as shown in Fig. 5(f),
which is consistent with the Schottky emission mechanism. ']
The operating current of the device substantially degrades be-
cause the resistance is higher in the devices as the thickness of
HfO, film increases due to the modulation of the barrier.[”]
When the electric field is further increased to finish the set
process, oxygen vacancies would be generated in HfO, film,
but would be not sufficient for direct electron transport be-
tween ZnO and HfO,. The intrinsic defect, especially oxygen
vacancy defects, is filled with the carriers which are injected
with an increased electrostatic potential gradient.!*’! There-
fore, space-charge-limited current conduction is appropriate
for the LRS. The uniformity of the BL-TRRAM device is im-
proved because of the lack of randomness of the conduction
filaments and the resistance switching change from ionic to
electronic due to the HfO, film.[2!]

4. Conclusion and perspectives

In summary, the performance of SL-TRRAM and BL-

TRRM devices were demonstrated in this paper. Both of

the devices had a high transmittance above 80% in the visi-
ble region. The BL-TRRAM device with 10-nm-HfO, thick-
ness had more stable and uniform resistive switching be-
haviors than SL-TRRAM and was forming-free, while SL-
TRRAM required a forming process. The conduction mecha-
nisms of LRS and HRS are consistent with Ohmic conduction
and Poole—Frenkel emission for SL-TRRAM, and SCLC and
Schottky emission for BL-TRRAM, respectively. The results
of this study indicate that the BL-TRRAM device has great
potential for use in transparent memory devices.
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