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ABSTRACT The selector plays an important role in solving the leakage current issue in a large-scale
memory crossbar array. Especially, the bidirectional selector has a broader application scope than the
unidirectional one, since it can be connected with both unipolar and bipolar memory devices. In this
letter, two engineering approaches to realize bidirectional tunneling barrier selectors were investigated:
the crested barrier and variable oxide thickness (VARIOT). It is found that the selectors based on the
crested barrier exhibit much higher nonlinearity and lower off-current than those fitting the VARIOT
approach. The associated tunneling mechanisms have been proposed to explain the electrical properties of
the crested barrier devices. The excellent multilayer barrier bidirectional selector has been realized in the
ZnO/TayOs5/ZnO stack with pA-level off current and high nonlinearity (>10%). It is worth noting that the
present ZnO/TaO5/Zn0 selector shows the best performances compared with previously reported tunnel

barrier selectors.

INDEX TERMS Bidirectional selector, crested barrier, high nonlinearity, multilayer tunnel barrier.

I. INTRODUCTION

The crossbar array allows the smallest feature size of
4F? and three-dimensional stacking to achieve high-density
integration. In a crossbar array, resistive random access
memory (RRAM) can be integrated at the junctions of
orthogonal access lines that may enable n-layer stack-
ing or the vertical fabrication of 3D crossbar arrays,
which has attracted considerable attention for the physical
demonstration of next-generation memory and computing
centers [1]-[3].

However, as all cells in a row and column are con-
nected to each other by the bottom and top electrode, the
sneak current through neighboring units is still a bottleneck
problem, which induces misreading and increasing power
consumption in the crossbar array [4], [5]. Owing to the
increasing number of sneak current paths in high-density
integration, the selector device becomes indispensable. To
effectively suppress the sneak current, the selector device

was required to realize high nonlinearity and ultralow off-
current, as shown in Fig. 1(a). The sneak current paths can be
suppressed due to their nonlinear current-voltage (I-V) char-
acteristics. Since a bidirectional selector has better device
uniformity and endurance than a unidirectional device, it is
better suited to realize a cross-point array with a 4F> cell for
high density nonvolatile memory applications. In a commer-
cial high-density memory system such as DRAM, a Si-based
transistor is employed as a selector. However, the use of this
three-terminal transistor in crossbar RRAM is limited due
to its high expense of scaling down and stacking up [1].
Therefore, much effort has been dedicated towards devel-
oping various two-terminal bidirectional selectors, includ-
ing Ovonic Threshold Switching (OTS) Selector [6], [7],
Metal-Insulator-Transition (MIT) device [8], [9], Mixed-Ion-
Electronic-Conduction (MIEC) based selector [10], timing
selector [35], and tunnel barrier selector [3], [11], [12].
However, an ideal selector is yet to be demonstrated,
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especially the off state current, cycling endurance, and the
device to device variation are still need to be improved
to meet the requirements in practical applications. Among
them, the tunnel barrier selector has been one of the
most promising candidates due to its outstanding durabil-
ity and uniformity compared with other selectors, since it
involves only electron transport and no ion migration during
operation [13], [36], [37].

Two approaches of multilayer barrier engineering were
proposed to increase the nonlinearity of the device. In 1998,
Likharev first developed the concept of crested barrier,
in which “crested” potential profile peaks in the mid-
dle layer [14]. To form a triangular-like potential barrier,
sandwich a dielectric layer with a smaller electron affin-
ity (usually larger bandgap) between two dielectric layers
with a larger electron affinity (usually smaller bandgap),
see Fig. 1(b). This designed barrier is much more sen-
sitive to the applied voltage than the uniform barrier,
resulting in high nonlinearity [15]. In contrast, variable
oxide thickness (VARIOT) is the other barrier modulation
approach [16], where the device has the configuration of
the low-k (dielectric constant k) layer/high-k layer/low-k
layer, as shown in Fig. 1(c). It is proposed that the elec-
tric field will redistribute and accumulate in the low-k layer,
thus the equivalent barrier thickness reduces and results in
steep tunnel current-voltage characteristics, which enhances
the nonlinearity of the device [17]. Generally, the semi-
conductor with low/high k has a large/small bandgap, and
vice versa [18], [21]. Thus, the device configuration of the
VARIOT approach is opposite to that of the crested barrier.
Which approach is much suitable for the selector design?
To the best of our knowledge, there is no report about this
till now.

In this work, several multilayer devices based on binary
oxides (e.g., ZnO, TayOs, and HfO;) have been prepared
according to the crested barrier and VARIOT approaches.
Experimental results directly indicate the devices based on
identical materials but different approaches show completely
different performances. The crested barrier approach is much
more effective than the VARIOT approach in realizing high
nonlinearity and low-leak current. An excellent selector of
Zn0/TayO5/Zn0 stacking was obtained based on the crested
barrier, showing ultralow leakage current (~pA level), sym-
metric and high nonlinearity (>10%), good durability, and
immunity to read disturbance. Through the investigation of
electrical transport mechanisms of the crested barrier devices,
it is found that this outstanding performance originates from
Fowler-Nordheim (FN) tunneling.

Il. EXPERIMENT

The multilayer tunnel barrier selector devices were fabri-
cated on a Si substrate with 500 nm-thick SiO,. Various
binary oxide films were deposited by magnetron sputtering
at room temperature from oxide targets. Fig. 1(b) shows the
schematic structure of the crested barrier device, the thick-
ness of the oxide layer is 8 nm for the outer layer and 4 nm
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FIGURE 1. (a) Schematic of the crossbar with one selector-one memory
unit. The ideal bidirectional selector device requires strong leakage current
suppression capability and high nonlinearity. Schematic diagram of the
two approaches for multilayer barrier engineering: (b) crested barrier

and (c) VARIOT.

TABLE 1. Stack structure and thick parameters of crested barrier and
VARIOT.

Crested barrier VARIOT
Cl1 WO3/HfO,/WO3 V1 | HfO,/WOs/HfO,
C2 | ZnO/HfO,/ZnO V2 | Ta,Os/WO;3/Ta,Os
C3 | ZnO/Ta0s/Zn0 8/4/8 | V3 | CeOx/NbyOs/CeQ, | 4/8/4
C4 | NbyOs/Ta;0s/Nb,Os | 1M [ V4 [ TaOs/NbyOs/Ta,0s | DM
C5 | ZnO/Ce02/ZnO V5 | HfO2/Nb,Os/HfO,

for the middle layer. In contrast, the out layer is 4 nm and
the middle layer is 8 nm for the VARIOT device, as shown
in Fig. 1(c). And, to investigate the layer thickness depen-
dence of nonlinearity, two VARIOT devices with different
thickness configurations of 8/4/8 nm and 8/6/8 nm were pre-
pared too. Both bottom and top Pt electrodes were prepared
by sputtering and patterned via shadow masks with a size
of 60 pm x 60 wm. Table 1 shows the stacked structure
and thickness parameters of all prepared devices.

Electrical characterization was performed by DC volt-
age sweeping, using the Keithley 4200-SCS Semiconductor
Parameter Analyzer (SPA) connected with a probe station
(Cascade SUMMIT 11000B). For the pulse test, a Keysight
B1530A Waveform Generator/Fast Measurement Unit was
used to generate the voltage pulse and measure the current.
During electrical measurement, the bottom electrode was
grounded and the bias was applied on the top electrode.

1Il. RESULTS AND DISCUSSION

The conduction band of the crested barrier is schematically
shown in Fig. 2(a). The outer flat lines represent the work
function of the metal electrode (e.g., Pt, Au) while the inner
ones represent the conduction band of dielectric oxides. The
dotted line approximates the effective band offset when a
voltage V is applied. In the device with a homogeneous
or “square” barrier (up panel in Fig. 2(a)), electrons travel
through an effective triangular barrier under an external elec-
trical field. Compared with a single-layer barrier, the height
and width of the crested barrier are reduced under high
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FIGURE 2. The schematic diagram of the single and tri-layer barrier:

(a) Crested Barrier and (b) Variable Oxide Thickness. The solid lines
represent a homogeneous or “square” barrier. The dotted lines show the
barrier tilting caused by the applied voltage.

applied

TABLE 2. Experimental bandgap, electron affinity, and dielectric constant
of the candidate tunnel barrier materials.

Materials Bandgap/eV Electron Dielectric Refs.
affinity/eV constant
ZnO 3.4 4.5 8.6 [19], [20]
Ta,0s 44 33 22 [21], [22]
HfO, 5.8 22 25 [21], [23]
Nb»Os 3.44 3.87 38 [24], [25]
WO; 3.28 4.1 50 [26], [27]
CeO: 3.15 35 26 [28], [29]

voltage, see the bottom panel of Fig. 2(a) [13]. In this case,
when a voltage is applied, the overall barrier height that
the electrons encounter is shorter (and effectively thinner
for tunneling electrons) and resulting in a high nonlinearity.
Fig. 2(b) shows a schematic diagram of VARIOT. The elec-
tric field applied on the multilayer stack will be redistributed,
resulting in barrier thinning compared to the single-layer bar-
rier. Theoretically, both the crested barrier and VARIOT can
increase the nonlinearity of the device. To explore which
one is much more effective, we symmetrically combined
some widely used binary oxides to form tri-layer barri-
ers, including ZnO, Ta;O5, HfO,, NbyOs, WOs3, and CeOs.
The physical parameters of these candidate materials are
reported in Table 2. More than 10 multilayer devices were
prepared with half following the crested barrier and half falls
in VARIOT approach.

As shown in Fig. 3(a), in the case of the crested bar-
rier ZnO/Tay05/Zn0O (C3) device performs strong current
suppression characteristics at a voltage less than 1 V. The
device is almost insulated, with a current of 1.2x10~!!
A at 1 V, but the current rapidly increases to 3x107°
A at 3 V, inducing excellent nonlinear characteristics. It is
noteworthy that this device performs symmetric -V nonlin-
earity, which is indispensable to block current flow in both
directions at low voltage magnitudes. The ZnO/HfO, /ZnO
(C2) device also shows comparable nonlinear performance
to the ZnO/Tay05/Zn0O device, however, its off-state resis-
tance is lower, resulting in an increase of leakage current. The
other three devices, i.e., NbpO5/TayO5/NbyO5 device (C4),
WO3 /HfO, /WO3 device (C1), and ZnO/CeO,/Zn0O device
(C5), perform much lower off-state resistance at low voltage,
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FIGURE 3. I-V characteristics of the device with the crested

barrier (a) labels C1, C2, C3, C4, and C5 are the crested barrier device
WO;/HfOz /WO;, ZHO/Hf02 /ZnO, ZIIO/T3205/ZI‘IO, szOs/Taz 05/Nb205,
and Zn0/Ce0,/ZnO0, respectively and VARIOT (b), labels V1, V2, V3, V4, and
V5 are the VARIOT device HfO, /W05 /HfO,, Ta 05 /W03 /Ta; Os,
CeOz/Nb205/Ce02, T3205/Nb2 05/T6205, and Hfo;/sz()s/Hfo;,
respectively, dotted line with an arrow works as a guide to the eye in
panel (a). (c) I-V curves of four devices with the same materials but with
different morphology according to the crested barrier (filled circle) and
VARIOT (hollow circle). (d) The effect of each layer thickness on the
nonlinearity for the HfO, /Nb, O5/HfO, devices: 8/4/8 nm, 6/8/6 nm, and
4/8/4 nm. The nonlinearity of the devices in accordance with (e) crested
barrier and (f) VARIOT for two reading schemes.

resulting in sharply decrease of nonlinearity compared with
the device of ZnO/Ta;O5/ZnO0.

To prepare the tunnel barrier following the VARIOT
approach, we reverse the arrangement of the material com-
bination shown in Fig. 3(a). As shown in Fig. 3(b), all the
VARIOT devices exhibit relatively lower nonlinearity com-
pared with those crested barrier devices. To rule out the
influence of materials on the device nonlinearity, two groups
of devices with the same materials but opposite configura-
tions are reported in Fig. 3(c). It is clearly seen that the
crested barrier devices show a steeper I-V curve compared
with that of the VARIOT device. Note that a higher Schottky
barrier is usually formed at the Pt/oxides interfaces in the
VARIOT compared with the crested barrier device based on
the same materials. Take C1 (Pt/WO3/HfO,/WO3/Pt) and
V1 (Pt/HfO,/WO3/HfO,/Pt) devices as an example, the
Schottky barrier height of the Pt/HfO, (3.45 eV) interface
is theoretically higher than the Pt/WO3 (1.5 eV) interface,
which might be resulting in the high resistance of the

369



ELECTRON DEVICES SOCIETY

DONG et al.: BIDIRECTIONAL SELECTOR REALIZED THROUGH MULTILAYER TUNNEL BARRIER ENGINEERING

(b)
104
<107
IS
£10-10
3
)
103
-2 2
@ Voltaoge V)
100; Qg )
w e g
= 50l @ Ee)
=% g 3
% ac 5
o Of
107 10° 107 _ 10°
Current (A)

FIGURE 4. The I-V curve of the device based on (a) the single layer of ZnO
and (b) the crested barrier of ZnO/Ta;05/ZnO0. (c) The pulse response of
the Zn0O/Ta; 05/Zn0 stack by applying pulses of 3.0 V/1 ms and

1.5 V/1 ms. The nonlinearity of the device remains 107 during pulse cycles.
(d) Cumulative probability of current at V,o,q and Vyeaq4/2 schemes.

VARIOT devices. Thus it is reasonable that the I-V curve
of the VARIOT device is several orders of magnitude lower
than the ones with the crested barrier.

Furthermore, we count the nonlinearity of the crested
barriers and VARIOT devices in the case of Vieq/2 and
Viead/3 schemes, results are shown in Fig. 3(e) and (f). These
results clearly show that all the nonlinearity values of the
crested barriers almost are higher than those of the VARIOT
devices in both two reading schemes, indicating the crested
barrier is more effective to obtain high nonlinearity. Our
experimental results indicate the barrier height has a much
more significant impact on the tunneling characteristics of
the device than the dielectric constants of the materials. And,
it is noticeable that the nonlinearity of the ZnO/TayOs5/ZnO
device reaches 3x 10 for the Viead/3 scheme (3 V as Vieaq),
which is comparable to the reported Ovonic threshold switch-
ing selector [6]. Given the thickness of each layer affects the
nonlinearity of the VARIOT device [18], thus we prepared
another two VARIOT devices of HfO, /Nb,Os5/HfO, with a
thickness of each layer 8/4/8 nm and 6/8/6 nm. As shown
in Fig. 3(d), the device with 4/8/4 nm thickness shows the
best nonlinearity compared with another two devices, indi-
cating a thinner outer layer facilitates the enhancement of
the device’s nonlinearity. But, this best nonlinearity valve is
still not competitive with that of the crested barrier device.

In addition, a device based on a single ZnO layer was
prepared for comparison with the ZnO/Ta;Os/Zn0O device,
results are shown in Fig. 4(a) and (b). The I-V curve of
the single-layer ZnO device shows the performance of resis-
tance, that is, the current increases linearly with the increase
of voltage. This is because the highest point of the single-
layer barrier hardly drops when a voltage is applied, thus
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FIGURE 5. (a) Fowler-Nordheim tunneling fitting of In (1/V2) versus (1/|V])
for the device of ZnO/Ta; 05/Zn0. (b) Comparison of the nonlinearity
versus off current and on current of reported tunnel barrier selector
devices.

preventing electrons from passing through the barrier. In con-
trast, after adopting a symmetric stacked barrier structure,
the I-V characteristic of the ZnO/TayOs5/Zn0O device shows
high nonlinearity, directly indicating that the high nonlin-
earity originates from the crested barrier structure. And, the
Off-current of this device drops below pA-level when set-
ting the read voltage lower than 1 V. At the same time, this
device shows symmetry I-V curves under positive and neg-
ative bias. This is because the height of the barriers of the
top Pt/ZnO/Ta,Os5 interfaces is almost the same as the bot-
tom TayOs/ZnO/Pt interface. And, it has been reported that
the asymmetry of the I-V curves decreases as the average
height of the Schottky barrier increase based on theoretical
calculations [33]. The ZnO/Tay05/Zn0O device possesses a
high Schottky barrier, thus it is reasonable it performs better
symmetric -V curves.

To evaluate the endurance of the crested device with
Zn0O/Tap05/Zn0O stack, pulse pairs of 3.0 V/I ms and
1.5 V/1 ms were applied to the device, the device response
is shown in Fig. 4(c). The ON and OFF states show neg-
ligible deterioration during 107 pulse cycles, resulting in a
high ON/OFF ratio (>10°) and good endurance. And, the dc
cycling voltage sweeping was also carried out, the cumula-
tive probability of ON and OFF state is shown in Fig. 4(d).
The device exhibits relatively narrow cycle-to-cycle varia-
tions indicating high stability of both ON and OFF states.
These results clearly show the excellent endurance and uni-
formity of this crested barrier. The low ON/OFF variations
and switching uniformity might be attributed to the effect of
the barrier uniformity in the ZnO/Ta;O5/Zn0O devices.

A comparison of our ZnO/Ta;O5/Zn0O selector with other
reported bidirectional tunnel barrier selectors, in terms of
nonlinearity, on and off currents, is given in Fig. 5(b).
The crested barrier of the ZnO/TayOs5/ZnO device per-
forms very competitive nonlinearity and leakage current,
even though the on current (~10 pA) might need further
enhancement for some memory devices. This pA-level off
current and high nonlinearity (>10*) are the best perfor-
mances compared with previously reported tunnel barrier
selectors. At the same time, the present ZnO/Ta;Os/ZnO
selector possesses competitive endurance compared to the
reported selectors [11], [38].
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(Nb O5/Tay 05 /Nb, O5). The values of slope Eq are listed for positive bias
for each sample.

Following we will focus on the discussion of why the
Zn0/TapO5/Zn0O device performs the best nonlinearity com-
pared with other four crested barrier devices. To investigate
the conduction mechanism prevailing in the high field region
of the crested devices, I-V curves have been fitted in both
positive and negative bias regions. It has been found that the
electrical transport processes of these crested devices fit FN
tunneling when the voltage exceeds 1 V in both polarities,
as shown in Fig. 5(a). The current density in FN tunneling
is given by

Eod
In W =lno — 7 (1)
With
_ Smme’
RETETE
And
Ey = —2k¢yp/e

where A is the Planck constant, m is the mass of a free elec-
tron, e is the charge of a single electron, S is the electrode
area, d is the thickness of the dielectric material layer, ki
is the value of the imaginary wave number at the injection
interface, k is the average value of the imaginary wave num-
ber in the oxide barrier, and ®y, is the energy barrier at the
injection interface [34]. As shown in Equation (1), the FN
tunnel current / is exponentially dependent on the applied
field V. Plotting In (I/V?) versus 1/V, should yield a straight
line with a slope that is related to the barrier height ®.
By plotting In (I/V?) versus 1/V from the I-V curves, we
can induce the effective barrier height of a device by calcu-
lating the slope of E,d, because the E, values are directly
proportional to the barrier height.

Fig. 6 shows the I-V plots and FN fitting results in the
high voltage region (>1 V) for the prepared five devices with
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crested barrier. The deduced E, values are reported in the
insets. For the three devices with the same outer layer mate-
rial of ZnO, as shown in Fig. 6(a), (b) and (c), the device
of ZnO/Ta;O5/Zn0O possesses the minimum absolute value
of E,, indicating the electron barrier lowers the most under
high external bias. Thus, this device performs the most rapid
current growth under a certain voltage, resulting in the high-
est on/off state ratio among these three devices. For another
two devices of NbyOs/Ta;O5/NbyO5 and WO3 /HfO, /WO3,
the absolute value of E, is lower than that of the device of
Zn0O/TaO5/Zn0, which means the barrier lowering in these
two devices are much stronger under high bias. However,
the leakage current of these two devices under low voltage
(<1 V) is two to three orders of magnitude higher than
that of the ZnO/TayOs5/Zn0O device, resulting in a serious
deterioration of the nonlinearity. Note that the Pt/Nb,O5 and
Pt/WO3 interfaces theoretically have a much higher Schottky
barrier than the Pt/ZnO interface due to the lower electron
affinity of NbyOs5 (3.87 eV) and WO3 (4.10 eV) compared
to ZnO (4.50 eV). This Schottky barrier of the interface
might lower a lot under high bias, resulting in a low value
of E, in the device. The high leakage current of these two
devices might result from relatively low effective thicknesses
or several non-idealities formed at the Pt/oxides interfaces,
which need further investigations.

IV. CONCLUSION

In summary, this work systematically investigates two
multilayer barrier engineering approaches. It is found that
the crested barrier approach is much more effective than
the VARIOT one in improving the nonlinear performance of
the multilayer barriers. And symmetric and high nonlinear-
ity (>10%) and pA-level leakage current were realized in the
crested barrier of the ZnO/Ta;O5/Zn0O device.
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