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ABSTRACT: HfO,-based resistive random-access memory (RRAM) devices are being widely
considered as both non-volatile memories for digital computation and synaptic memory for
neuromorphic computing applications. The resistive switching mechanism in these materials is
known to be highly dependent on the presence of oxygen vacancies and other dopants. In this work,
HfO, is doped with titanium using sequential atomic layer deposition (ALD) of HfO, and TiO,. An
increase in the titanium dopant content results in a decrease of the forming voltage, a decrease of
both allowable set and reset stop voltages, and a decrease of the high resistance state (HRS) of the

RRAM. The physical mechanisms responsible for these observed behaviors are proposed.

KEYWORDS: RRAM, Ti doping, charge-to-breakdown, HfO,, XPS depth profile, sub-oxide.

1. INTRODUCTION

Memristors have recently gained widespread attention because of their potential in both non-
volatile memory (NVM) and brain-inspired computing applications.! > Brain-inspired computing

is an emerging field to circumvent the bottlenecks associated with traditional von Neumann
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architectures where data storage and processing are separate.’® This architecture limits the speed
of operations such as matrix-vector multiplication, which are critical when performing complex
artificial intelligence (Al) tasks, such as speech and pattern recognition. Studies have shown that
memristors can be integrated into neuromorphic circuits to circumvent this bottleneck by
performing data storage and processing on the same physical component.”!" Among recently
proposed brain-inspired devices> !2, anion migration-based metal oxide filamentary devices, also
known as Valence Change Mechanism (VCM) devices, have received widespread attention.
Although cation-based RRAM have consistently shown higher on/off ratios, VCM devices have
other advantages such as higher endurance, improved retention, and lower power consumption.'>:

14 However, the mechanisms driving VCM memristor operation remains elusive.! 1> 16

Among recently reported binary oxides (e.g., Al,O3, NiO, TiO,, TaO,, ZrO,, HfO,), HfO, has
been a primary focus due to several promising features including: CMOS compatibility, scalability
(<10 nm), fast writing speed (<1 ns), good switching endurance (>10'° cycles), and lower energy
consumption. '1° Within the adaptive oxide layer of a filamentary memristor, a conductive
filament is formed through a dielectric breakdown process. Subsequently, this conductive filament
is partially ruptured and reformed during the set and reset operations which controls the resistance
state of the device. Therefore, the chemistry of the active layer is expected to be critically important
to memristor function. The activation energy for defect (e.g., oxygen vacancies) motion in the

active layer is critical in determining the nonlinear switching dynamics.?

One approach that impacts the defect (e.g., vacancies) activation energy and initial

concentration is the addition of dopants.?? Improved resistive switching (RS) behavior for doped
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transition metal oxide-based RRAM devices has been shown by previous studies.?!->* Incorporation

of Cu dopants into MoO,/GdO, bilayer-based filamentary devices has led to significant
improvements in device performance such as improved reproducibility and long-term state

retention.?> Another previous study reported that oxygen vacancies (V,) can be added to HfO,

through S doping resulting in device improvement such as more uniformity in resistance change
and stable endurance.?® In addition, an increase of oxygen vacancy (V,) defect concentration in the
active layer has been shown to lead to enhanced switching characteristics such as stable multi-level

resistive switching, a higher on/off ratio, and gradual reset behvaior.?” Al-doped HfO, based

devices along with post-deposition annealing have been shown to have promising multi-level
switching characteristics.?8-3° Studies have shown that aliovalent ion doping via sputtering into
HfO,-based devices have better uniformity of the low resistance state (LRS) and high resistance
state (HRS) due to increased concentration of non-lattice oxygen.? 3! Moreover, there have been
previous studies on the impact of titanium doping in HfO, memristors with the active materials
synthesized via sputtering. For example, devices containing a sputtered HfO,/TiO,/HfO,/TiO,
multilayer (ML) have shown multilevel capability and analog reset characteristics.3> 33 The addition
of a titanium metallic interlayer at the HfO, active layer in sputtered HfO, RRAM devices has been
shown to produce uniform set and reset switching.’> 3* However, sputtered oxides have properties
different than ALD deposited oxides®> 3¢ and ALD deposited oxides are more suitable for industrial
RRAM applications.’” One previous study used ALD to synthesize titanium doped HfO,
memristors and demonstrated multi-level resistive switching capabilities.*® However, a top titanium
capping layer was not used, which has proven beneficial for RRAM such as lowering the forming
voltage and improving the switching window and device yield!®- 3 and a detailed understanding of

the impact of titanium doping on forming and switching was not been reported.
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In this work, RRAM devices, with amorphous Hf,Ti,O, synthesized using sequential ALD,
were fabricated. The results suggest that the observed reduction in forming voltage with increasing
titanium doping content in the active layer is due to both an increase in the tunnel current and an
increase in the rate of defect generation as a function of titanium concentration. Following forming,
the resistive switching characteristics show a decrease in the HRS as a function of titanium doping
concentration in the active layer. XPS results suggest that this is likely due to an increase in
available electronic states with increasing titanium. It should be noted that as all the devices have

the Ti capping layer, therefore, no changes are derived from the capping layer.

Active layer
HfO, or Hf,Ti,O,
-~

~
-~

Figure 1. A schematic of the device stack with layer thicknesses indicated.

2. EXPERIMENTAL METHODS

RRAM devices with amorphous HfO, and Hf, Ti,O, with varying Hf:Ti ratios were fabricated.

Figure 1 shows a schematic of the fabricated device structure. Bottom Au electrodes (~70 nm)
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were deposited using electron beam evaporation and patterned using mask-less lithography on a
silicon wafer having 310 nm of SiO,. The adaptive oxides were deposited using thermal atomic
layer deposition (ALD) at 250 °C. The sequence consisted of repeating a number of cycles of
tetrakis (dimethylamido) hafnium (TDMAHY) + deionized water, followed by a number of cycles
of tetrakis (dimethylamido) titanium (TDMAT)+ deionized water for the total number of sequences
(~50) necessary to achieve a ~5 nm film. Four conditions were used: pure HfO,, Hf: Ti = 3:1, Hf:Ti
= 2:1, and Hf:Ti = 1:1. Following ALD, a 5 nm Ti capping layer was deposited by electron beam
evaporation, immediately followed by ~150 nm of Au as the top electrode (TE) without breaking
vacuum. An O, plasma descum (500 sccm, 30 sec, plasma power 150 W) process was performed
before each deposition step to ensure the removal of the photoresist and increase device yield. Our
standard 30 sec descum process did not impact the oxidation state of Au significantly (Figure S1).
A separate set of control samples were also synthesized along with the devices consisting of the (~

5 nm) adaptive oxides deposited on Si/SiO, substrates.

X-ray photoelectron spectroscopy (XPS) was performed using a monochromatic Al K-alpha X-
ray source (hy = 1486.6 eV), 400 um spot size, and 15 W X-ray gun power. For XPS depth profiles,
Ar* sputtering was performed at an incident angle of 30° and a low energy of 1 KeV ion energy to
avoid preferential sputtering.*’ To correct for surface potential variation associated with charging,
the C 1s peak at 285.0 eV was used as the reference energy. The XPS spectra were fit using a

Shirley background*' and Lorentzian—Gaussian (GL 30) line shapes.

A Keithley 4200 semiconductor analyzer > was used for the electrical measurements. The
devices were formed by sweeping the voltage of the top electrode at a current compliance of 0.1

mA. After forming, incremental reset voltages were applied (gradual reset process) from 0 V to the
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maximum achievable negative voltage. This step was followed by the application of 30 hysteresis
loops to defined set and reset stop voltage parameters. Charge-to-breakdown (Qpp) measurements
of the devices were performed using the constant-voltage stress (CVS) method.** # Integration of

the measured current as a function of stress time was used to determine the Qgp.

3. RESULTS AND DISCUSSIONS

3.1 XPS Characterization: X-ray photoelectron spectroscopy (XPS) was performed to quantify the
active layer stoichiometry. XPS depth profiles of the relative atomic ratios of Hf, Ti, and O have
been calculated as shown in Figure S2. The Hf:Ti ALD pulsing ratios of 3:1, 2:1, 1:1 resulted in
approximate Hf:Ti elemental ratios of 3.14:1, 2.3:1, and 1.14:1, respectively (Figure S1). Detailed
stoichiometric analysis of Hf Ti,O, for all oxide samples are provided in the supplementary section
(Figure S3). The ratios were calculated from the average elemental ratios at the surface and the first
etch level. The results demonstrate successful doping of the HfO, matrix with titanium. These
results suggest that while the HfO, and TiO, layers were pulsed sequentially, the resulting oxide
layer is well mixed. Individual XPS depth profile result is shown in Figure S4 for all sample types.
Figure 2 illustrates the relationship between the bonded oxygen content and titanium concentration.
A linear decrease of the bonded-oxygen content with an increase in titanium concentration was

observed.

205
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@
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Figure 2. XPS analysis of the oxides (HfOy and HfTi,0,) used in the active layer of the devices. z/(x+y)
value of Hf,Ti,O, (bonded oxygen content) as a function of titanium concentration. Bonded oxygen content
decreases for the higher titanium doped samples. This indicates an increase of the non-stoichiometry with an

increase of titanium content.

3.2 Forming Characteristics: Figure 3(a) shows the typical current-voltage characteristics obtained
during forming. Figure 3(b) shows that the current at a given voltage increases exponentially with
increasing titanium content. Figure 3(c) shows that the voltage required to achieve filament
formation (forming voltage) decreases with increasing titanium content. There are several likely
reasons for this reduction in forming voltage with increasing titanium content. The generation of
defects in oxides is known to be proportional to electron fluence.* Prior to forming, the current
flowing through the oxide increases exponentially with increasing titanium content resulting in
increasing defect generation at the lower voltage. We hypothesize that the tunnel current in Ti-
doped sample is increasing with increasing titanium concentration because of a decrease in the
metal to oxide barrier height as TiO, has smaller bandgap; the bandgap of amorphous HfO, and
TiO, are 6.0 eV and 3.1 eV, respectively.*®4” Moreover, prior work on ALD titanium doped HfO,
has independently measured the barrier height and observed a similar trend.*® Whether one is
considering direct tunneling or trap assisted tunneling, the current density is exponentially
dependent on the barrier height. Fitting of the experimental current-voltage characteristic with both
the trap-assisted and direct tunneling models (Figure S5) suggests that the conduction mechanism
is likely trap-assisted. Second, the initial, as-deposited, defect concentration (e.g., oxygen
vacancies, Vo) is likely higher in the oxides with higher titanium content. As the bonded oxygen

amount (z) decreases with titanium content (Figure 2(b)), fewer defects must be generated to cause



run-away filament formation. Furthermore, the rate of defect generation at a given voltage during
forming may be higher with increased titanium content. To further explore whether titanium doping

is impacting the defect generation probability, detailed constant voltage dielectric breakdown

experiments have been conducted.
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Figure 3. Forming characteristics of HfOx and Hf,Ti,O, devices. (a) Example current-voltage relationships
for the devices with varying titanium concentration, (b) Current density as a function of titanium
concentration at 1.5 V during forming. An exponential increase of the measured current is observed with
increasing titanium concentration. (c) Statistical analysis of forming voltages. All data sets are statistically
analyzed based on 20 devices of each oxide sample. Here, the green triangle is average, the box top edge

indicates 75" percentile, the box bottom edge indicates 25" percentile, the top bar is maximum, the bottom
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Figure 4 (a) shows the average charge-to-breakdown characteristics as a function of voltage at room
temperature for HfO, and Hf,Ti,O, (e.g., 3.14:1 and 1.14:1) devices. The dotted line is an
exponential fit as a function of voltage. The statistical distributions used to obtain the average Qgp
are shown in Figure S5. The extrapolation of the charge-to-breakdown at a given voltage indicates
that for the same voltage, the Qgp decreases exponentially with increasing titanium content which
is shown in Figure 4 (b). For instance, at 2.7 V the Qgp for the pure HfO, device is approximately

two orders of magnitude higher compared to the device having a Hf:Ti ratio of 3.14:1.

The charge-to-breakdown (Qpgp) is known to be proportional to the number of generated defects

required to initiate breakdown (N5P) and inversely proportional to the defect generation rate (Py),*

49, 50

NBD
Qpp X —5—

Py

There are two possible reasons for the observed decrease in Qgp with increasing titanium
content. First, there are wide variety of reasons that can cause an increase in the number of pre-
existing defects with titanium concentration which could reduce the number of generated defects
necessary to initiate filament formation (NBP). One possible reason is the magnitude of the molar
Gibbs free energy for vacancy formation in HfO, (-1088.2 eV) is higher than TiO, (-888.8 eV).!°
This is consistent with a reduction in bonded oxygen (increasing oxygen vacancies) with increasing
titanium concentration as observed in Figure 2(b). However, this reduction in bonded oxygen is
observed to be approximately linear with increasing titanium concentration. Therefore, while there

may be a linear decrease in Ngp with increasing titanium concentration, this likely does not explain

an exponential decrease in Qgp,
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Figure 4. Breakdown measurement of HfO, and HIf,Ti,O, devices. (a) Measured (average) charge-to-
breakdown as a function of gate voltage (V) at room temperature. For a given voltage, charge-to-breakdown
exponentially decreases with the increase of titanium concentration. (b) Charge to breakdown (Qgp) at a
given voltage (2.7 V) as a function of titanium content. The charge to breakdown (Qgp) indicates that for the
same voltage (e.g., for this case 2.7 V) charge to breakdown (Qpp) decreases exponentially with increasing
titanium content. Here y axes are in the logarithmic scale. Weibull distributions and examples of current-time

relationships are shown in Figure S6 and S7.

The second, and more likely, reason for an exponential decrease in Qgp with increasing titanium
concentration is that the rate of defect generation (P,) at a given voltage increases exponentially
with increasing titanium concentration. Ab-initio calculations suggest that the energy for defect
formation in titanium-doped amorphous HfO, (2.1 eV) is less than that of pure HfO, (2.9 eV).3!
The rate of defect generation is expected to be exponentially dependent on this activation energy>?

explaining the observed Qgp behavior.

3.4 Switching Dynamics: After forming, the performed gradual reset processes (explained in the
methods section) and the following hysteresis loops to stabilize the filament are shown in Figure
S8. Figure 5(a) shows typical hysteresis loops after stabilization for each of the oxides. As shown
in Figure 5(b), the maximum set and reset stop voltages that can be applied to the device without
causing permanent breakdown depend on the titanium content. As shown in Figure 6(a), this causes
the switching window, which is the ratio of the HRS to LRS, to decrease with increasing titanium
content.

Although the addition of titanium reduces the forming voltage, the devices with large titanium
concentration (Hf:Ti = 2:3, 1:1) also show a reduced switching window. For the devices with

Hf:Ti=3.1:1, the forming voltage is 25% smaller than the HfO, devices; however, the switching
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window is comparable. Therefore, the Hf: Ti=3.1:1 devices provide an optimum trade-off between

forming voltage and switching window.

As observed in Figure 6(b), the decrease in switching window with increasing titanium content
is primarily due to a decrease in the high resistance state (HRS); the low resistance state (LRS) is

approximately independent of the titanium content.

10° lec= 1.0 mA 1.0 = SET
igd 05 = RESET
E 10-2| HETE234 Hf:Ti=1.14:1 E‘; 0.0
b Hf:Ti=3.14:1 ]
B e HfO, =05
g =
B
S 1074 RESET SET -1.0
1075

-1.0 —-05 00 05 1.0
Voltage (V)

(@)

Figure 5. Current-voltage relationships of the devices during switching. (a) DC bipolar I-V sweeping loops
with the application of maximum set and reset stop voltages, (b) applied set and reset stop voltages. The
higher Ti-doped devices show higher current in the reset side. Maximum applicable set and reset stop voltages

decreases with the increase of titanium content in the device.

It is possible that the change in the HRS with titanium content is due to the lower voltages used
in the set and reset with increasing titanium content. To determine if this is the case, Figure 7(a)
shows the hysteresis loops performed on each of the oxides using the same set and reset stop voltage
of +0.65 V and -0.70 V, respectively. Figure 7(b) shows that for the same set and reset stop voltage
conditions, the HRS still decreases with increasing titanium content. This phenomenon suggests
that the difference in HRS is related to the titanium, not the measurement condition. Moreover, the

HRS is independent of the device area, implying that the current is flowing through the filament.>
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The HRS (low current) state is impacted by the change of active-layer material doping. The filament

is known to be partially oxidized during reset resulting in a lower current than the LRS.>*
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Figure 6. The statistical distribution of the switching characteristics of the devices. (a) Switching window,
(b) LRS and HRS. HRS decreases while LRS stays constant with the increase of titanium content. The
switching window decreases with the increase of titanium content. The decrease of the switching window is
mainly because of the decrease of HRS with titanium doping. All data sets are statistically analyzed based
on 20 devices of each oxide sample. Here, the green triangle is average, the box top edge indicates 75%
percentile, the box bottom edge indicates 25t percentile, the top bar is maximum, the bottom bar is minimum,

and the middle line is median.
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Figure 7. The observed switching characteristics with the application of the same SET (0.65 V) and RESET
(-0.75 V) stop voltages on HfO, and Hf,Ti,O, samples. (a) The characteristic current-voltage relationships
of the devices with 1 mA current compliance. The switching window decreases as the titanium dopant in the

device increases, (b) LRS and HRS distribution. Even for the same set and reset stop voltages, HRS decreases,

Journal of Materials Chemistry C

and LRS stays constant for devices with higher titanium concentration.

Moreover, it has been observed that with the increase of titanium doping in HfOj, the amount
of suboxide (TiO,, where 1 £ x < 2) and metallic titanium increases. Here, suboxide translates to
any sub-stoichiometric TiO, component that has lower amount of oxygen bonded to titanium metal

relative to stoichiometric TiO,. These suboxide states have been shown to have electronic states

near the Fermi edge resulting in increased conductivity with increasing titanium content.>
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(a) (®)

Figure 8. Deconvolution of the Ti XPS peaks. (a) Hf:Ti = 3.14:1, (b) Hf:Ti = 1.14:1. The concentration of Ti
sub-oxides and the metallic titanium content are higher in the Hf:Ti = 1.14:1 sample compared to the Hf: Ti

= 3.14:1 sample.

To explore this possibility, the Ti 2p peaks from the XPS depth profile of titanium-doped
samples (Hf:Ti = 3.14:1 and Hf:Ti = 1.14:1) have been deconvoluted as shown in Figure 8(a) and
Figure 8(b). Quantitative analysis of the Ti 2p peak deconvolution®® are provided in the
supplementary information (Table S3). It is apparent that the metallic titanium and suboxide
contents are relatively higher for the more heavily titanium-doped samples. For instance, at etch
time 5 seconds, the Ti peak is higher for 1.14:1 sample compared to the 3.14:1 sample. The presence
of a higher amount of metallic titanium and suboxides results in increased conductivity for heavily
titanium-doped samples because of increased available electronic states. This causes a decrease in
HRS with the increase of titanium content. In the LRS, the current flow through the metallized
filament would be weakly dependent on the titanium content and the conduction is mainly ohmic.

Therefore, the LRS is approximately independent of the titanium content.

4. CONCLUSIONS

HfO, and titanium-doped HfO, (Hf:Ti= 3.14:1, 2.3:1, 1.14:1) RRAM devices have been
fabricated to uncover the materials defect chemistry that drives forming and switching behavior.
The forming voltage decreases and current increases with increasing titanium content. This is due
to the combined effects of a higher tunnel current (caused by decreased barrier height), higher initial
defect concentration and higher probability of defect formation during forming. Detailed charge-

to-breakdown experiment suggests that an exponential decrease of breakdown charge (Qgp) with
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the increase of titanium content is mainly caused by the increase of defect formation probability.
After forming, the HRS is observed to decrease with increasing titanium, whereas the LRS is
constant, even for the same set and reset stop voltages. XPS results suggest that this is likely due
to an increase in available electronic states or defect-induced charge carriers in the oxide. The LRS
is not impacted by the addition of titanium as the conductivity of the metallic filament is weakly
dependent on the titanium content. Overall, the results provide a fundamental understanding of the
impact of titanium doping on the forming and switching behavior of HfO,-based RRAM.
Investigating the effect of doping on switching characters of HfO, devices may help to improve
their performance that makes this study relevant to current technology needs. As the forming and
resistive switching operation causes creation and stabilization of the filament, respectively, are also
crucial for analog switching of a filamentary memory. Analyzing the impact of titanium doping on
analog neuromorphic behavior is also important to better understand synaptic response; this is the

focus of future work.

SUPPLYMENTARY MATERIAL

See supplementary material for the additional information.
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