Analog Switching Characteristics in TiW/ Al20s/ Ta2Os/ Ta RRAM devices
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Abstract

In this letter, we report analog switching characteristics in an analog resistive random access
memory device based on TiW/Al,O3/Ta,0s/Ta stack. For this device, both oxides were grown by
using an atomic layer deposition (ALD) system and the oxygen vacancies were found to exist at
the interface of these oxides by using an angle-resolved X-ray Photoelectron Spectroscopy (XPS).
The device exhibits analog switching behaviors. Multiple states were achieved by applying 128
consecutive identical pulses of <20 ps in duration and stable for at least 10* seconds. These
characteristics show that the TiW/Al>03/Ta20s/Ta device is a promising candidate for synaptic

application.
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Resistive random access memory (RRAM) has been investigated as the next generation
nonvolatile memory due to its simple structure, high speed and low power consumption.! Most
RRAM studies are focused on digital switching, and as a result, the analog switching
characteristics are not sufficiently addressed.? Since the analog switching with gradual
conductance change exhibits promising features in exploiting artificial synapses for synaptic

applications, it is essential to explore the analog switching characteristics of RRAM devices.®

Analog RRAM devices can be divided into filamentary and non-filamentary (interfacial)
types.*t For filamentary analog RRAM devices based on stacked materials such as
TiN/HfO/AIO«/Pt,*2 Pt/GeSO/TiN,®® TiN/TiOx/Taz0s/TiN,* Ti/TiO2-/HfO2.,/TiO2/Au *° and
TiN/HfOx/TaOx/TiN,® the resistive switching is caused by the restore/rupture of a conductive
filament or multiple weak filaments in the layered oxide structure.* Whereas, for non-filamentary
analog RRAM devices based on stacked materials such as Ag/NiO/Pt,> Ta/TaOx/TiO2/Ti,
Al/AIOx/Ta20s/TaOx/W 8 and Al/Mo/Pro7CaosMnOs/Pt,'° the resistive switching is induced by
the shift of the oxygen ions/vacancies at the oxide/oxide and/or electrode/oxide interfaces,
resulting in the modulation of Schottky barrier and/or tunneling barrier.* Recent research has
demonstrated that the non-filamentary RRAM has advantages over its filamentary counterpart in
terms of smaller random telegraph noise (RTN), tighter RTN distribution and lower RTN
occurrence rate.?2 However, sufficiently long pulses (~ms) are required to shift the oxygen
ions/vacancies to modify Schottky and/or tunneling barrier in these non-filamentary analog RRAM
devices, which results in slow speed and state instability.* Therefore, it is highly desirable to

improve analog properties in a non-filamentary analog RRAM device for synaptic applications.

In most analog RRAM devices, at least one oxide is sub-oxide such as TaOx, HfOx, TiOx or

AlOy and a large number of oxygen vacancies would exist in this oxide layer. In this letter, we
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report a non-filamentary analog RRAM device based on TiW/Al;03/Ta;0s/Ta stack. Both oxides
are designed and fabricated as full oxides grown by an ALD system. The oxygen vacancies were
found to exist at the interface of these oxides by using an angle-resolved XPS. We demonstrated
analog switching with fast writing speed and observed multiple states in this device. We studied
the conduction mechanism in the different states and discussed the mechanism of analog

switching.

The TiW/AI03/Ta20s/Ta devices were fabricated on an 8-inch thermal oxide Si wafer. Both
the top TiW (30 nm) and bottom Ta (100 nm) electrodes were deposited using the physical vapor
deposition method whereas the sandwiched dual metal oxides, 2nm Al;O3 and 4nm Ta,Os were
deposited by an ALD system at 300 °C wusing Trimethylaluminium (TMA) and
Ta[N(C2Hs)2NC(CH3)s (TBTDET) precursors plus H2O as a reactant with 20 and 40 cycles,
respectively. After the deposition of these stacked materials, pillar structures of feature sizes
ranging from 400nm to 1000nm were patterned using a deep ultraviolet (DUV) lithography system
and subsequently etched using an ion beam etch method. The pillars were then passivated with
SiO2 before the formation of top contact openings using the chemical mechanical polishing (CMP)
method. The bottom contact openings were then etched through the SiO onto the Ta layer before

the formation of contact pads.

The DC I-V curves were measured by a semiconductor characterization system (Keithley
4200-SCS) at room temperature. A Keysight B1500A semiconductor device parameter analyzer
with AC signal generation accessory was also employed for pulse measurements of the RRAM
device. Transmission electron microscopy (TEM: Tecnai TF20) analysis was carried out to study
the microstructures of the RRAM device. The cross-sectional TEM sample was prepared by

focused ion beam milling (FIB: DA300) of the device. The angle-resolved XPS (PHI Quantera
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SXM Scanning X-ray Microprobe) was used for composition and chemical state analysis. For the
XPS, one sample with a Ta2Os film on a Ta substrate and another sample with Al,O3/Ta20s films
on a Ta substrate were prepared by ALD as well as an Al>Os single crystal substrate were prepared

for angle-resolved XPS experiments.

Figure 1(a) exhibits a cross-sectional TEM image of the TiW/Al>03/Ta;0s/Ta device where
the stacked structure is clearly observed. The thicknesses of Al,Oz and Ta.Os are approximately
2nm and 4nm respectively, which is consistent with our design. The chemical states of Al and Ta
in aluminum oxide and tantalum oxide thin films were analyzed by angle-resolved XPS. It was
found that the sampling depth can be changed by varying the photoelectron take-off angle of 6. At
0=10°, most of the collected electrons originate from atoms near the surface of the sample. At 6=
80°, more electrons are collected from atoms deeper in the sample.?? The normalized Ta4f spectra
of tantalum oxide thin film (4 nm) on Ta substrates grown by ALD is presented in Fig. 1(b). It
shows the same binding energy positions for Ta4f at different take-off angles from 10° to 80°,
which indicates that the signal collected from the electrons originating from atoms near the surface
of the film at 6=10° is the same as that from atoms deeper in the film at 6= 80°. The two peaks
were found at 26.6eV and 28.4eV for Ta 4f7/2 and Ta 4f5/2, respectively. These correspond to the
+5 oxidation state of Ta. It means that the composition of tantalum oxide thin film is Ta.Os. It is
worth noting that two additional peaks attributed to the Ta metal substrate are observed at a high
take-off angle of 80° in Fig. 1(b). Figure 1(c) illustrates the normalized Al2p spectra of aluminum
oxide thin film (2 nm) on Ta>,Os/Ta where both aluminum oxide and tantalum oxide on a Ta
substrate are grown in the same chamber of ALD and also that of Al>Os single crystal (inset). We
can infer that the composition of aluminum oxide thin film as deposited by ALD is Al2Oa.

However, the peaks of sub-oxide TaOx emerge at lower binding energies as shown in Fig. 1(d) for



the same aluminum oxide thin film as deposited by ALD on Ta>Os/Ta substrates. The percentage
of TaOx with respect to Ta2Os increases with a decrease of take-off angle. This reveals that TaOx
IS generated at the interface of Al,O3/Ta>Os during ALD processes. Therefore, oxygen vacancies
exist at the interface of ALD deposited Al203/Ta20s, unlike the case of as-sputtered TaOx and/or

AlOy in which a large number of oxygen vacancies would exist in the films.®

RRAM devices (TiW/AIl>03/Ta,0s/Ta) were tested for analog switching characteristics. During
the DC measurement, a bias voltage was applied to the top TiW electrode with the bottom Ta
electrode grounded. To test the resistive switching property, a positive voltage on the top TiW
electrode was applied to induce the SET process which switches the device from high resistance
state (HRS) to low resistance state (LRS). A negative voltage on the TiW electrode was applied to
induce the RESET process which switches the device from LRS to HRS. It was found that the
forming process existed in filamentary-type RRAM was not observed in this device. Figures 2(a)
and 2(b) show consecutive DC sweeps in the RESET and SET processes respectively. The
conductance increases gradually with consecutive positive voltage sweeps and decreases gradually
with consecutive negative voltage sweeps. 100 consecutive positive voltage sweeps for
continuously SET was shown in the inset of Fig. 2b. The conductance continuously increases from
0.35to 17.5 nS (a ratio of 50) at a read voltage of 0.2 V with 100 positive voltage sweeps. Thus,

the device exhibits the multiple states and analog switching behaviors.

The analog resistive switching was also carried out by applying voltage pulses. After each
repeating pulse, the current was read by using a DC voltage of 0.8V. Figure 2(c) illustrates the
potentiation and depression characteristics of the device at different pulse amplitude and duration.
The analog switching with short duration (~us) or fast writing speed was observed in these devices.

It was found that higher pulse amplitude and longer pulse duration will result in larger on/off ratio.
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As shown in Fig. 2(d), the device conductance was continuously tuned up by applying consecutive
identical positive pulses (3.6V, 600ns) and tuned down by applying consecutive identical negative
pulses (—3.6V, 20us). It demonstrated that the conductance gradually changes both for potentiation
and depression using pulses of 600ns and 20us in duration, respectively. Multiple states were
achieved by 128 identical programming pulses. We also tested 1000 cycles with 64 identical
positive pulses for potentiation and 64 identical negative pulses for depression showing reliable

cycling endurance.

Figure 3 displays DC I-V curves at different cell sizes (400nm, 600nm, 800nm and 1000nm).
We observed that device current increases with the increase in device cell size. This hints that
switching occurs across the entire area. Figure 3(c) exhibits area dependence of the resistance in
initial resistance state (IRS) and LRS with a reading voltage of 0.8V after each sweep at 2.5V. In
our device, the initial resistance state is HRS. The strong area dependence in both IRS and LRS
was obtained, unlike the filamentary RRAM device in which the LRS is insensitive to the device
area.”>?* The resistance in LRS decreases with an increase of the device area supporting a non-
filamentary switching mechanism in the device.'®°2° To evaluate the memory performance of the
device, the retention characteristics was measured at room temperature and 125 °C as shown in

Fig. 3(d). All HRS and LRS were stable for at least 10* seconds.

DC I-V curves at different SET voltages are shown in Fig. 4(a) and Fig. 4(b). No analog
switching was observed at a SET voltage below 1.2 V. Above it, the electrical field is sufficient to
induce analog switching. We define this voltage as the threshold voltage for analog switching. It
is found that this threshold voltage does not depend on device cell size. The conduction mechanism
in the RRAM device of TiW/AIl>03/Ta20s/Ta is explored through the fitting of 1-V curves for the

positive and negative voltage sweep regions. We found that both space charge limited current and
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Fowler-Nordheim tunneling fittings are not good, whereas, we found that both Poole-Frenkel (P-
F) emission and Schottky emission fittings are good with the coefficient of determination (R?)
larger than 99% as shown in Fig.4. Therefore, both P-F emission and Schottky emission play
important roles in the current conduction of the device.l® This is because the vacancies or defects
exist at three interfaces (Ta/Ta20s, Al203/Ta.0s and Al.O3/TiW) in our devices. The electrons
overcome Schottky barrier at metal/oxide interfaces into the conduction band through Schottky
emission and escape from their traps into the conduction band through Poole-Frenkel (P-F)
emission. We further measured I-V curves at different temperatures from room temperature to 100
K using a superconducting quantum interference device (SQUID) magnetometer (Quantum
Design MPMS XL). It was found that the relationship between In I (or In I/V) and 1/KT is linear
where K is Boltzmann's constant and T is the temperature, which gives evidence for both

conduction mechanisms.

In summary, an analog RRAM device has been designed and fabricated. Bilayer oxides of
Al>03 and Ta20s deposited by ALD were used in this device and oxygen vacancies were found to
exist at the interface of these oxides by an angle-resolved XPS analysis. The resistance in LRS
decreases with an increase in the device area. Both Poole-Frenkel (P-F) emission and Schottky
emission dominate the current conduction of the device. These suggest that our device is a non-
filamentary (interfacial) type where the resistive switching is induced by the shifts of the oxygen
ions/vacancies at the oxide/oxide and electrode/oxide interfaces, in which result in the modulation
of Schottky barrier and tunneling barrier. This non-filamentary (interfacial) type device shows
well-defined bipolar resistive switching without the forming process. It exhibits the multiple states
and analog switching behaviors. Multiple states were achieved by 128 applying consecutive

identical pulses of 20 ps in duration for depression and 600 ns in duration for potentiation. The


https://en.wikipedia.org/wiki/Boltzmann%27s_constant
https://en.wikipedia.org/wiki/Temperature

retention of 10* s for the multiple states was obtained. These characteristics show that

TiW/AI>O3/Ta,0s/Ta RRAM device is a promising candidate for synaptic applications.
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Figure Captions

Fig. 1 (a) cross-sectional TEM image of the TiW/AI,O3/Ta>Os/Ta device, (b) Ta4f spectra
of tantalum oxide thin film on Ta substrates, (c) Al2p spectra of aluminum oxide thin film
on Ta>0s/Ta and Al20s single crystal, (d) Ta4f spectra of aluminum oxide thin film on
Tax0s/Ta . The peaks of sub-oxide TaOx emerge at lower binding energies and TaOx is

generated at the interface of Al203/Ta20s.

Fig. 2 (a) analog multiple states obtained by identical RESET voltage of -2.5 V for
consecutive sweeps, (b) analog multiple states obtained by identical SET voltage of 2.5 V
for consecutive sweeps and 100 consecutive positive voltage sweeps for continuously SET
listed in the inset,(c) potentiation and depression characteristics of the device at different
pulse amplitude and duration, (d) Potentiation and depression in the conductance of the
device by identical positive pulses (3.6 V, 600 ns) and identical negative pulses (—3.6 V,

20 ps).

Fig. 3 DC I-V curves at different cell sizes (a) 400 and 600 nm, (b) 800 and 1000 nm; (c)
area dependence of the resistance in initial resistance state (IRS), low resistance states
LRS1 and LRS2 with a reading voltage of 0.8 V; (d) Retention behavior of different
resistance states (1-4) from HRS to LRS at room temperature (red lines) and states (5-6)

from LRS to HRS at 125 °C (blue lines).
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Fig. 4 DC I-V curves at different SET voltages (a) 1.8 Vand 2.5V, (b) 1.2V and 1.5 V;

Poole-Frenkel (P-F) emission fitting of I-V curves for the (c) positive and (d) negative
voltage sweep regions. Schottky emission fitting of 1-V curves for the (e) positive and (f)
negative voltage sweep regions. Temperature dependence of the current at the voltage of

2.5V shown in the inset of Fig. 4(d) and Fig. 4(f).
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