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Abstract

The comparison of resistive switching (RS) storage in the same device architecture
is explored for atomic layer deposition (ALD) Al,O3;, HfO, and HfAIlO,-based
resistive random access memory (ReRAM) devices. Among them, the deeper high-
and low- resistance states, more uniform Vsgr-Vgrgs, persistent Ropr/Ron (>102)
ratio and endurance up to 10° cycles during both DC and AC measurements were
observed for HfAlO,-based device. This improved behavior is attributed to the inter-
mixing of amorphous Al,O5/HfO, oxide layers to form amorphous thermally stable
HfAIOQ, thin films by consecutive-cycled ALD. In addition, the higher oxygen con-
tent at Ti/HfAIO, thin films interface was found within the energy dispersive spec-
troscopy analysis (EDS). We believe this higher oxygen content at the interface
could lead to its sufficient storage and supply, leading to the stable filament reduc-
tion-oxidation operation. Further given insight to the RS mechanism, SET/RESET
power necessities and scavenging effect shed a light to the enhancement of HfAIO,-
based ReRAM device as well.
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1 | INTRODUCTION

Among the promising nonvolatile memory candidates to
replace the FLASH memory for the big data storage, the
resistive random access memory (ReRAM) appears to be the
most suitable alternative due to its scaling, power and speed
characteristics.'* Extensive research has been done among
various storage transition metal oxides and many of them
such as NiO®, TiO,*, ZrO,’, Ta,0s*’, HfO,*'° and
12 can be utilized in a new ReRAM technology.
Among all, lots of attention has been put these days to the
HfO, ReRAM due to its stable high endurable resistive
switching (RS) behavior and compatibility within the com-
plementary metal oxide semiconductor (CMOS) technology
process. '

However, the commercialization of such HfO, ReRAM
devices is yet to be achieved due to the variability and

others

nonuniform RS behavior, resulting from stochastic nature of
the conductive filament path formation and impact of differ-
ent oxygen vacancies profiles.'*'> It has been reported that
the conductive filaments can form along the grain boundaries
of the switching material especially in HfOy-based
ReRAM.'® Therefore, the variability and switching proper-
ties can be significantly influenced by the crystallinity of the
switching material. To say more, polycrystalline HfO, films
are not desirable to perform RS behavior due to strong
dependence HfO, thin film morphology on the Ti/HfO,
interface reactivity.!” The low crystallization temperature
(<400°C) of HfO, thin films is crucial issue during the
ReRAM operation process due to the oxygen deficiency fila-
ment paths formation along the grain boundaries causing the
big variation in the RS performance.'®'? One of the possible
ways to keep HfO, thin films amorphous is to introduce
Al-doping into HfO, oxide by atomic layer deposition
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(ALD) to improve its thermal stability (>900°C).%° However,
few systematic results on HfAlO,-based ReRAM and its
comparison with other dielectrics are reported so far.

We found that layer by layer intermixing of the amor-
phous Al,O; with the HfO, thin films during ALD super
cycling leads to superior RS characteristics compared to
only binary Al,O; and HfO,-based ReRAM devices. In
this letter, we have investigated RS characteristics of
Al,O3, HfO, and HfAIO,-based ReRAM devices with the
same device structure. All the devices were confirmed to
have amorphous phase and same oxide thicknesses by X-
ray diffractometer (XRD) analysis and transmission elec-
tron microscopy (TEM) as well as ellipsometry, respec-
tively. The RS properties of each device were examined by
continuous DC sweep up to 400 cycles. Among these
devices, the HfAIO,-based ReRAM devices showed
improved high- and low- resistance states (HRS & LRS) as
long as more uniform Vggr-Vggs distributions, while main-
taining sustainable Ropr/Ron (>10%) ratio. Such an
improvement leads to the desirable low power consumption
and low operation current device. In addition, switching
mechanism, endurance and retention characteristics are also
discussed.

2 | EXPERIMENTAL PROCEDURE

All devices were prepared on the Si/SiO, substrates.
These substrates were cleaned with standard cleaning pro-
cedure including dip in acetone (99.9%) and methanol
(99.9%) in a sequence followed by rinsing with de-ionized
water and drying by N, blow. Then, Ti of 5 nm and Pt
of 50 nm thicknesses were deposited as bottom electrodes
(BE) by DC and reactive sputtering at the chamber pres-
sure of 6.1x107° and 1.5x 1072 Torr, respectively. Imme-
diately after, the insulating films of approximately 6.5 nm
thickness of Al,O;, HfO,, and HfAIO, were prepared
under the same ALD conditions at 250°C using tri-
methyl-aluminum (TMA) and tetraethyl-methyl-amino-Hf
(TEMA-Hf) precursors, respectively, with H,O as an oxi-
dant. Particularly, nano-laminated HfAIO, films with the
1:1 ratio of Hf and Al were obtained by super ALD
cycling of Al,O; and HfO, oxides. The deposition rates
for Al,O; and HfO, oxides were 1.3 and 0.85 A/cycle,
respectively. Finally, top electrode (TE) of 50 nm thick Ti
were deposited by DC magnetron sputtering and patterned
using conventional photolithography technique to the
square patterns of 100 x 100 pm?. The schematic cross-
section of all devices is shown in Figure 1A. The crystal
structure of the HfO, and HfAIO, thin films was exam-
ined by X-ray diffraction (HR-XRD, Rigaku SmartLab,
CuK, radiation) analysis. By Transmission electron micro-
scopy (TEM, JEM-2100F), the physical thickness, cross-
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sectional morphology and energy dispersive spectroscopy
were defined and carried out. The current—voltage (I-V)
characteristics were performed on the Keithley 4200-SCS
semiconductor characterization system at the room temper-
ature and atmospheric pressure. Bias was applied on Ti
top electrode (TE) while Pt bottom electrode (BE) was
grounded.

3 | RESULTS AND DISCUSSION

Figure 1B,C show the TEM images and EDS analysis of
the devices with Al,O;, HfO,, and HfAlO, oxides sand-
wiched between Ti (TE) and Pt (BE) to confirm the layer
thicknesses and extract atomic composition of elements,
respectively. All samples show similar physical oxide
thicknesses within ~6.5 nm. The bold yellow line repre-
sents the direction of EDS analysis. Figure 1C shows the
EDS analysis in which the clear difference of oxygen
(O~%) amount at the Ti/oxide interface can be seen in the
red boxes for each device and the corresponding atomic
percentage of existing elements for each device is summa-
rized in the Table 1 as well. We believe this difference of
oxygen (O ?) species at the Ti/oxide interface is one of the
significant causes affecting resistive switching (RS) behav-
ior of Al,O;, HfO, and HfAIO,-based devices as we
demonstrate later.

The XRD analysis of HfO, and HfAIO, thin films
revealed that although the ALD deposition temperature was
quite low 250°C, the clear difference in amorphous phase
can be seen in Figure 2. No peak, except HfO, (002), can
be distinguishable. However, in the angle range 20 (26°-
36°) different XRD behavior is observed for HfO, films
similar to the reported results of monoclinic phase with lat-
tice (111) and (—111) appeared at higher temperatures.'’ In
case of HfO, thin film, the only single broad peak is found
which indicates the formation of amorphous phase contain-
ing the few nanometer crystallites of monoclinic phase so
far. Extensive studies on formation of conductive filament
along grain boundaries (GBs) in HfO,-based RRAM has
been done.”'** Particularly, GBs in monoclinic phase of
HfO, oxide serves as deca-nanometre paths for oxygen
vacancies segregation, which are conductive, and the size
and number of such paths is strongly dependent on electro-
forming breakdown (BD) hardness (high electric field
applied >10 MV/cm). Due to this filament size control
through the GBs seems impractical. In addition, Lanza
et al. showed results on probing HfO, thin films with con-
ductive atomic force microscope (CAFM) and discovered
that current leaky sites are much smaller in case of amor-
phous HfO, dielectrics.? Later, Calka et al. showed that
HfO, thin films with GBs are lack of oxygen scavenging
ability at Ti/HfO, interface, which is required prior stable
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FIGURE 1 (A) A schematic cross-section diagram of the device, (B) TEM images of Al,O3, HfO, and HfAIO,-based ReRAM devices, and
(C) EDS atomic element analysis of each device, where white box shows the oxygen and titanium elements difference at the Ti/oxide interface

from device-to-device [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Atomic percentage (%) of elements within Al,Os,
HfO, and HfAIO,-based ReRAM devices

Device structure (0} Ti Pt Al Hf
Ti/Al,O5/Pt 25.64 21.91 4481 7.64 -
Ti/HfO,/Pt 33.89 29.36 29.70 - 7.05
Ti/ HfAl1O,/Pt 36.91 24.57 24.85 7.85 5.82

RS device operation.'” Here, we imply that nanocrystalline
phase in HfO, thin films could result in big size of fila-
ment formation by providing additional/uncontrollable oxy-
gen vacancies paths at nanocrystalline defect sites.
Therefore, amorphizer such an Al,O; alloyed into HfO,
thin film matrix is necessary and HfAIO, thin films
appeared with its more amorphous phase result as shown
in Figure 2, which indicates its higher amorphous thermal
stability and further, contribution to thinner high resistive
filament formation.

Figure 3 shows the forming voltage (Vi) of each
Al,O5;, HfO, and HfAlO,-based ReRAM device and its

distribution from device-to-device. The thin gray lines cor-
respond to device-to-device variation and bold lines are
average of Vi, curves as shown in Figure 3A. Recently,
it has been proved that the current compliance and stress
mode during the Vi, process affects geometrical and
physical characteristics of the filament significantly.** To
consider this we performed Vi, under the same current
compliance (~1 pA) for HfO, and HfAlO,-based devices
and (~10 pA) for Al,O3-based as shown in Figure 3A. The
minimum current compliance value was assessed for each
device after which the robust RS behavior obtained. The
highest average forming voltage (Vio;,,=3.85 V) is observed
for Al,Os-based device, whereas for HfO, and HfAIO,-
based one the average Vio, values are 3.45 V and 3.75 V,
respectively. Further, soft breakdown for Al,O3-based
device occurs under higher current compliance
(Icc=10 pA) compared to HfO, and HfAIO,-based one
(Icc=1 pA). This can be attributed to the naturally large
band gap of Al,O; thin films and its higher strength to
breakdown. Although, in case of Al,O3 and HfAlO,-based
devices the Vi, is a bit higher than that for HfO,-based
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FIGURE 2 XRD patterns of as-deposited HfO, and HfAIO, thin
films on Pt/SiO, substrates prepared by ALD 250°C [Color figure can
be viewed at wileyonlinelibrary.com]

one, the more uniform forming voltage Vi, from device-
to-device is clearly observed for both of the devices. More-
over, the Vi, of dielectric materials is strongly dependent
on the dielectric constant (k) as 1/k.>> The standard dielec-
tric constant values of Al,O3; and HfO, oxides are ~9 and
~23, respectively. And in case of HfAIO, nanolaminate
thin films within the composition ratio of 1:1 (Hf:Al), the
dielectric constant constitutes ~17.2¢%” Apparently, increase
in Al% composition in the HfO, thin films results in grad-
ual decrease in dielectric constant. Due to this, an interme-
diate forming voltage (Vio;m=3.75 V) in between of Al,O3
and HfO,-based devices is observed in case of HfAIO,-
based device. In Figure 3B the device-to-device distribu-
tion is observed for each device type. None of them show
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uniform distribution due to the forming voltage Vi, tails
presence. lower Viom can be noticed for
HfO,-based device, while higher and intermediate Viy,
values are observed for Al,O; and HfAIO,-based devices,
respectively.

Typical I-V switching curves of each Al,O5;, HfO, and
HfAIO,-based ReRAM devices within the first 100 and last
400 RS cycles are shown in Figure 4A,B, respectively. All
devices show repeatable self-compliance switching behav-
ior more than one order of magnitude (>10x) during the
first 100 cycles. However, during the last 400 cycles, the
severe degradation of the high resistant state (HRS) was
observed for Al,Osz-based device whereas the HRS of
HfO, and HfAIO,-based one changes insignificantly. To
say more, the HfAlO,-based device shows clear higher
resistance in the low resistance state (LRS), compared to
other devices and can be programmed at lower read/write
current. In addition, the resistance in HRS of HfA10,-based
device is found to be higher than for other devices as well,
resulting with no change in effective switching Ropr/Ron
window from other devices and it can be seen in Figure 6A.
We believe that nanolaminated nature of the HfAIO, thin
films is responsible for that, i.e. incorporation of multiple
Al,O5 layers into HfO, films can confine the RS filament
shape and result in current lowering during the SET-
RESET switching process. In addition, higher oxygen O 2
content at the Ti/oxide interface can also result in resis-
tance lowering of LRS.?®**° In Figure 1C, the EDS analysis
and Table 1 support the higher oxygen O~ 2 content at the
Ti/oxide interface to be in case of HfAIO, thin films com-
pared to others. It is known that competitive bonds appear
in HfAIO, thin films due to Al-O (1.93 A) and Hf-O
(2.16 A) bond length difference and due to that thin film
becomes denser than binary HfO, thin film. Therefore, we

However,
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FIGURE 3 (A) Forming voltage for each device under the current compliance limitation, (B) CDF of forming voltages Vo, for each

Al,O3, HfO, and HfAIO,-based devices [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 (A) Typical I-V self-compliance switching characteristics of Al,03, HfO, and HfAIO,-based devices in the beginning 100th
switching cycles, (B) at the end 400th switching cycles. The insets show average high and low resistance states (HRS & LRS) for each device

[Color figure can be viewed at wileyonlinelibrary.com]

believe that reactive titanium (Ti) electrode could help to
scavenge more oxygen from the HfAIO, thin films due to
released internal stress and favorable atomic reconfiguration
of the HfAIO, thin films. The average values of LRS are
Ry rs~900 Q for HfAIO,-based device and Rjrs~307 Q
for Al,O3; and HfO,-based one. Both the HRS & LRS of
all devices deviate from its original average value in com-
parison within the first and last RS processes as can be
seen in insets of Figure 4A,B.

Figure 5 shows schematic explanation of two particular
mechanisms occurring during the RS behavior for the
above phenomena of HRS degradation for Al,O3-based
device and improvement of LRS for HfAlO,-based one:
(1) the top electrode (TE) Ti reactive metal scavenging
effect and (2) oxygen-ions drift model. The scavenging
effect is attributed to the reactive Ti metal ability to
extract oxygen O 2 from the oxide thin film at the Ti/ox-
ide interface and form thin TiO, layer. Due to this oxy-
gen 0?2 extraction, the thin oxide film becomes sub-
stoichiometric and oxygen vacancies (V") are introduced
inside the thin oxide film. The ability of oxygen O 2
extraction is measured by Gibbs free energy of oxide for-
mation and for Ti this value is —940 kJ/mol at the room
temperature.’® Considering the values of Gibbs free
energy oxide formation of Al,Os; and HfO, oxides which
are —1500 kJ/mol and —1000 kJ/mol, respectively, we
can conclude that scavenging effect is more favorable at
Ti/HfO, interface than at Ti/Al,O3 and under applied bias
this difference affects RS behavior significantly. To sum-
marize above, chemical equation is implied to describe
thermodynamic ensemble, including Ti deposition on dif-
ferent oxides and accounted as reaction occurring at the
Ti/oxide interface:

HfO,
ALOs
Hf AL, Oz
HfO,
+ < ALOs3
Hf | _ Al,,O

Ti(bulk) + — TiOy1 40,3

D

(24x)—y3

where y1>y3>y2, and x=0.5, corresponding to the propor-
tion of Al,Os; deposition in ALD, to reflect the correct
Hf/Al ratio (1:1) respecting Hf;_,Al,,O,,, stoichiometry.
The contact of reactive Ti (TE) metal with the thin oxide
films results in different sub-stoichiometry of these films
due to the difference in values of Gibbs free energy oxide
formation. Moreover, due to Ti scavenging ability, the for-
mation of oxygen vacancies at the Ti/oxide interface is
expected, therefore, according to Kroger—Vink notation:*!

Of = Vi +2¢ + 1 Ou(s) %)
where O, Ve*, and ¢’ are neutral oxygen ion, doubly
charged oxygen vacancy and electron, respectively. The
formation of TiO, oxide with various point defects such as
interstitial or substitutional Ti’*
ions is also expected and noted as,

oxygen vacancies, ions,

and interstitial Ti**

. 1 .
2Ti; + O < 5 0a(g) + 2Til, + Ve* (3)
where Ti,, and Ti}; are normal Ti** ion at Ti** site with
zero effective charge, and substitutional Ti*" at Ti** site
with one positive charge, respectively. Importantly, in case
of HfAIO,, doping Al,O; oxide into HfO, matrix can
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generate additional oxygen vacancies, according to the
notation:

AlLO; _2H0: AL, 30,4V @
where Al is the substitution of AI** for Hf** site.

On the other hand, according to the oxygen-ion drift
model the sufficient amount of oxygen and its storage are
needed prior to stable switching behavior.*> Moreover,
when Vi, is applied, the so-called soft breakdown (SB)
occurs and the initial oxide film resistance cannot be fully

HRS |
* 1% .

\ I_ A|203 I+

Scavenging

c CO' 3 Layer
: s HA]HRs : <

Lo g L2 =l T ot
“ 2 _g [ N ] s. sse ° ©
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recovered.! Considering these, we can imply that the HRS
degradation of Al,O3-based device during the switching is
due to insufficiency of oxygen O > moveable species at
the Ti/oxide interface which causes the accumulation of
additional undesirable/unrecoverable oxygen vacancies ij
during the RS process, leading to fast hard breakdown and
device failure. On the other hand, no such of HRS degrada-
tion was observed for HfO,-based device. The sufficient
storage of movable oxygen O 2 is formed at the Ti/oxide
interface and supplies reliable switching till the end, but
the favorable oxygen gettering in case of HfO,-based

Scavenging
Layer

AlLO;

HfO,
AlLO,

s w |

I- HfAlO, |+

FIGURE 5 Proposed switching mechanism during the SET-RESET process for Al,O;, HfO, and HfAIO,-based devices [Color figure can be

viewed at wileyonlinelibrary.com]
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device causes the increase in filament shape leading to the
more stochastic switching behavior and high current during
RS cycling. To avoid these problems, stacking Al,O; and
HfO, thin films to form nanolaminated HfAlO, thin films
benefits towards the better switching behavior in terms of

reliable, uniform and low current RS process. In this case,
the sufficiency of oxygen O~ storage due to HfO, layers
and thinning filament due to additional Al,O5 layers results
in the higher reliability and uniformity of the RS behavior.
No significant HRS degradation is observed during the
whole course of cycling and LRS improvement is attributed
to the large numbers of Al,O5 layers which causes thinning
of the filament shape from Ti (TE) up to the Pt bottom
electrode (BE) resulting in the filament higher resistivity
and hence lower current SET-RESET processes.

Figure 6A shows the HRS and LRS variability along
the full cycling period of each Al,O3;, HfO, and HfAIO,-
based devices. The LRS average value in case of Al,O;
and HfO,-based devices significantly deviate from that for
HfAIO,-based device, Rirs=300 Q and R;rs=850 Q,
respectively. The higher resistance average value (25 kQ)
in HRS of HfAIO,-based device is observed in comparison
to AlLO5; (15 kQ) and HfO, (4 kQ)-based one. The effect
of Hf-Al-O bond shrinkage due to Al(%) incorporation
and consequent improvement of retention at LRS under
200°C of HfAIO, thin films, indicating its amorphous ther-
mal stability, were recently reported.*® The enhancement of
LRS in our HfAIO,-based device arises from “moderate”
AG Gibbs free energy oxide formation of HfAIO, thin
films, which influence scavenging effect at Ti/HfAIO,
interface, i.e. shrinkage of filament shape with increasing
amount of Al,O; dopant. Additionally, since the SET-
RESET switching partially relies on the thermal counterpart
(Joule heat) to trigger the filament, enhanced amorphous
thermal stability of HfAIO, thin films could play a vital
role of keeping LRS at low resistance values during whole
device operation time. It is been noted that with the scaling
down of device, the deepest HRS state was observed for
Al,O3-based device which confirms its high resistance abil-
ity.>* Therefore, we suggest here that incorporation of thin
Al O3 oxide layers in the HfAlIO,-based device is responsi-
ble for deepest resistance in HRS of HfAIO, in comparison
to the Al,O; and HfO,-based devices. In Figure 6B, the
Vser and Vigsgr statistics are presented for each particular
device type during 400 DC sweeps. To itself binary Al,O3,
HfO,-based devices show wide Vggr distribution. In HfO,
material case, it is due to thick filament shape formation
and as the result more stochastic Vgsgr behavior is
observed. For Al,0O; material case, the insufficiency of
movable oxygen O 2 species degrades the HRS and leads
to consecutive shift of the Vggr behavior towards the
higher voltages. However, improved balance in between
Vser and Vigser statistics can be achieved in case of inter-
mixing Al,O3; and HfO, thin films to form the HfAIO,
nanolaminate. It can be noticed that the HfAlO,-based
device shows enhanced uniformity trade-off of Vggr and
Vreser distributions in between to just Al,Os; and HfO,-
based devices.
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Figure 7A,B demonstrates I-V self-compliance switching
curves of each Al,O5, HfO, and HfAIO,-based device during
the first 100 and last 400 cycles, respectively. The significant
current reduction can be observed in case of HfAlO,-based
device compared with Al,O3; and HfO,-based ones. The
average current values Isgr and Iggs of HfAlO,-based device
are 1.7 mA and —1.7 mA, respectively. At the same time the
average current values for Al,O; and HfO,-based device
equals more than 3.2 mA. The total trend of slight current
increase in comparison of first and last RS cycles can be
noticed for all devices. In addition, the lowest Vsgr-VREseT
voltages are found in case of HfO,-based device, whereas for
Al,O3 and HfAIO,-based devices it is a little bit higher
(£0.23 V). Particularly, the higher Vsgr-Vrgsgr voltages of
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HfAIO,-based device is believed due to Al,O3 thin layers
incorporation since the Vser-Vrgsgr voltages have the same
average value as for Al,O3-based device.

Figure 8 shows the scattered distribution plots of RS
dynamics during the SET-RESET processes of Al,O3,
HfO, and HfAIO,-based devices. Lower current and power
distributions during the SET process are observed for HfA-
10,-based device, while these distributions for Al,O5; and
HfO,-based one show much higher average values of cur-
rent and power as shown in Figure 8A. In addition, current
distribution can be roughly fitted with the linear function
of y =a+b - x while power distribution tends to be fitted
within allometric function of y=a -x. On the other hand,
lower current and power distributions during the RESET
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FIGURE 7 The -V self-compliance characteristics curves for each Al,O3, HfO, and HfAIO,-based device. The average RS switching
curves of each device during the first 100th cycles (A) and during the last 400th cycles (B) [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 8 The scattered plot distributions along all cycles in terms of resistance vs current and power during the SET (A) and RESET (B)
processes, respectively, for each Al,O3, HfO, and HfAIO,-based device [Color figure can be viewed at wileyonlinelibrary.com]
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process were observed for the HfO,-based device in com-
parison to Al,O5; and HfAIO,-based one in Figure 8B. The
bold line curves represent the similar families’ curves of
power needed for each device during the cycling. Interest-
ingly, the power “barrier” like behavior is observed for
each device during the RS process. We believe that it is
attributed to the oxide material properties itself and dissolu-
tion of the filament cone(tip) at the bottom electrode is
appearing to be highly energy consuming process. Particu-
larly, Al,O5-based device showed the biggest power “bar-
rier” average value, which is also one of the reasons of its
RESET failure during the RS process and as a result con-
secutive increase in resistance in HRS occurs. However,
much lower power “barrier” average values during the
RESET process were observed for HfO, and HfAIO,-based
devices. Moreover, slight increase in such power “barrier”
in case of HfAIO,-based device can be attributed to the
multiple Al;Oj3 thin layers incorporation.

Figure 9A-C compares the endurance characteristics of
HfAIO,, HfO, and Al,03-based devices, respectively. The
good endurance characteristics of up to 10° cycles are
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obtained in case of HfAlO,-based devices while Al,Os-
based and HfO,-based one show endurance up to 10*
cycles only. The high variability in HRS & LRS during
AC switching in case of HfO,-based device and fast HRS
degradation of Al,Os-based devices can be explicitly seen
as well. As described above, this is due to their material
properties itself and as was described above specific behav-
ior at Ti/oxide interface in each case. In Figure 9D the
excellent retention characteristics of up to 7x 10’ seconds
are shown for each device. Although the read voltage
Vreap=0.5 V is quite high, no significant degradation was
observed during the whole stressing time.

4 | CONCLUSION

The uniform and higher self-compliance resistive switching
behaviors with HRS (~25 kQ at —1.8V) & LRS (~750 Q
at 1.3 V) are obtained in case of Ti/HfAlO,/Pt ReRAM
devices during the whole 400 DC cycling process. The
high Ropr/Ron ratio (>102) and endurance up to (>105)
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FIGURE 9 The endurance characteristics of HfAIO, (A), HfO, (B) and Al,O3 (C) devices, respectively. The retention characteristics under
0.5/—0.5 V read voltages during 2 hours for all devices are compared in (D) [Color figure can be viewed at wileyonlinelibrary.com]

85UB0|7 SUOWILWIOD 8AITe1D) 3|qedt[dde ay) Aq peusenob a1 ss(pie YO ‘88N JO Sa|nl 10} ArIqIT8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLSH W0 A8 | IM AleIq Ul uo//Sdny) SUONIPUOD pue Swis | 8U188S *[£202/50/8T] Uo AriqiTauliuo A8 im ‘Ariqi Aiseaiun BueAueH Aq 00TST 8% I/TTTT OT/I0p/W0D A8 imAIq 1 U1 |UOSO W B0//:Sa1Y Wo) pepeojumod ‘2T ‘2102 ‘9T62TSST



SOKOLOV ET AL.

cycles are consistent during the whole DC and AC RS per-
formance. Such an improvement is attributed to the Al,O;
incorporated layers’ confinement property of the RS fila-
ment in HfAIO, thin films. The higher oxygen content at
the Ti/oxide interface is found for HfAlO, thin films,
which is considered as an efficient oxygen storage leading
to more reliable resistance switching process. From power
aforementioned, HfAIO,-based
device is found to be at most working in low power at the
SET process, while HfO,-based device at the RESET pro-
cess. Further, compared to HfO,, more amorphous HfAIO,

“barrier”’-like  behavior

phase is observed, correlating with more densely packed
and comparative stronger bonding of Hf-Al-O thin films
within intermixed Al,O3/HfO, multiple oxide layers. Our
finding indicates that Al incorporation into ALD HfAIO,
thin films could be efficient way to improve resistive
switching behavior compared to just binary ALD Al,O;
and HfO, thin films.
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