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High uniformity and improved nonlinearity by embedding nanocrystal

in selector-less RRAM
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Shibing Long, and Ming Liu

Abstract

Sneak path problem is one of the major hindrances for the application of high density
3D crossbar resistive random access memory (RRAM). For the selector-less RRAM
devices, nonlinear (NL) current-voltage (I-V) characteristics is an alternative approach
to minimize the sneak paths. In this work we have demonstrated metallic IrOy
nanocrystal  (IrOx-NC) based selector-less crossbar RRAM  devices in
IrO4/AlO4/IrOx-NC/AlO/W structure with very reliable hysteresis resistive switching
(RS) of > 10,000 cycles, stable multiple levels, high temperature (HT) data retention.
Moreover, an improvement in the NL behavior has been reported as compared to a pure
high-k AIOx RRAM. The origin of the NL nature has been discussed using hopping
model and Luittenger’s 1D metal theory. The nonlinearity can be further improved by
structure engineering and will improve the sensing margin of the devices, which is

rewarding for crossbar array integration.
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Introduction

The continuous advancement in dimensional miniaturization with amplified
performance of non-volatile memories (NVM), adds the impulsive force to widening of
the horizon with introducing new applications. Due to fundamental scaling limit with
process complexity of mainstream NVM devices, distinct and individual alternative
approaches with exciting architectures are being explored.! RRAM is a simple
metal-insulator-metal (MIM) based emerging NVM in which an electrical resistance (R)
will be periodically altered within a high resistance state (HRS) and a low resistance
state (LRS).2? Available memory window is defined by the ratio of two R states i.e & =
HRS/LRS at a fixed read voltage (Vreap). RRAM holds a great potential as emerging
candidate because of its simple design, high speed operation, magnificent scalability
and good control over economic consumption. Binary oxide,* transition metal oxides,’
chalcogenides® and organic compounds’ are being investigated for the active body of
the resistive switches. In RRAM, switching stability is one of the major commodities.
To improve the stability in RS, several methods including nanocrystals (NC) such as
ruthenium (Ru),8 gold (Au),9 copper (Cu),10 platinum (Pt),11 iridium oxide (IrOx)12 and
et al have been reported. Recently, to compete with 3D V-NAND technology, the small
4F* feature size of RRAM devices are utilizing successfully for high density crossbar
3D architecture in horizontal" or in vertical direction." The gradation of density can be
controlled by n-layers of crossbar array with a minimum feature size of 4F*/n. Sneak
current paths are the general problem in crossbar RRAM devices." Since, the crossbar

design connects each word line (WL) and bit line (BL) in the perpendicular direction,
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the read operation can significantly be affected by the parasitic sneak path currents."®
The sneak path problem can be solved by introducing a selector device such as diode,"”
threshold switches'® with RRAM cell. But unfortunately the one selector and one
RRAM device (1S-1R) configuration can increase process complexity. A simple RRAM
cell with NL nature can solve this problem.” NL behaviour in I-V hysteresis can
effectively reduce the undesired current flow through a series-parallel configuration of
crossbar array. Therefore, NL is a much needed parameter to come into possession of a
better high density crossbar RRAM array operation. Several ways have been proposed
to improve NL nature, such as active layer thickness engineering,?® hetero-structure
design,?"** but indeed, improvement of NL by NC with very stable RS phenomena not
has been reported yet.

Hence, this paper will present a simple IrO4-NC based crossbar RRAM device with
more stable hysteresis switching cycles of > 10,000, more reliable multi levels
(retentivity >10° sec for each state) and more NL nature, which is useful for crossbar
array application. A pure high-k AlOx based crossbar RRAM devices has also been
fabricated for comparison. To understand the RS phenomena, the I-V curves were fitted
to several mechanisms and fortunately the crossbar RRAM received a specified
treatment in terms of variable range hopping (VRH) conduction. Interestingly, the
temperature dependent I-V relations are in well agreement with Luttinger’s model** of
1D metal and overlapping together to follow a single master curve, which can develop
the realization of the dominant conduction mechanism by tunnelling through defects. It

has been shown that nanotubes,?® nanowires?® and also nanofibers*’ obtained NL charge
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transport behaviour in terms of Luttinger’s theory. This time we investigate this model
for the metal nanocrystal (MNC) based crossbar RRAM devices. The achievements of
this study may be the opening of the upcoming new possibilities of realizing high
performing RS phenomena, depending on which modern electronics can visualize the
goal of very high density 3D crossbar array.
Experimental

A simple MIM stack was fabricated to design crossbar RRAM devices. As an
I-layer, high-x materials are playing a major role to form the main body of the RS.
Since 1962, in the very early stage of the NVM technology, RS phenomena was first
introduced by T. W. Hickmott, based on the Si-oxide and other high-k oxide materials.?®
A favourable reception to the high-k materials as switching layer has been offered by
the advanced RRAM technology in a regular manner. RS phenomena are found in many
high-x materials such as AIOX,IZ’”’30 TiOX,21 TaOX,22 HfOX,31 and so on. In the latest
addition of International Technological Roadmap for Semiconductors (ITRS)' have
taken into account the MNC in the I-layer to form a MI-(MNC)-IM structure for the
emerging research memory device. The high work function (WF) metal has been used
to form MNC in I-layer. Inert metals were selected to form both of the BL and WL for
all of those fabricated crossbar RRAM devices. RS based on highly conducting metallic
filament formed by cation movement can be avoided by using inert metal lines, which
can control the RS mechanism by anion migration i.e the movement of oxygen ions
towards the anode or in reverse way oxygen vacancies (V,) towards the cathode.?

Before fabrication the Si/SiO, was chosen as the substrate. To fabricate the crossbar RS
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devices, at first tungsten (W) with a thickness of ~ 80 nm was deposited by sputtering
process on the full wafer. During deposition a pure metallic W target was used with a
power of 150 W under Ar environment. Photolithographic and wet etching processes
were used to design the W as WL with bottom pad. After patterning the bottom lines,
another optical lithographic step was introduced to pattern the RS oxide and BL layers.
Then, a 5 nm thick AlOy as lower I-layer and 2 nm as Upper I-layer was sputtered from
a pure Al,Os target with a power of 80 W under Ar and oxygen gas mixture. To form
the I-(MNC)-I structure, 1 nm thick IrOy layer was deposited in between the lower and
upper I-layers. The formation of as-deposited NCs depends on many factors, such as, 1)
the nature of the material, 2) adhesion to the deposited surface, 3) surface energy of the
deposited film with respect to the substrate and 4) very importantly on the as-deposited
film thickness. The formation of the as-deposited IrOX-NC12 and the effect of thickness
and annealing temperature’” already have been reported. The IrOy layer was deposited
from a pure Ir target with the power of 50 W in the Ar and oxygen environment. Finally,
on top 80 nm thick IrO4 as BL was sequentially deposited by sputtering process abide
by lift-off. The main difference between S1 and S2 RRAM is the IrOx-NC layer. A
simple illustration of cross-bar devices is shown in Fig. 1a.

The scanning electron microscopic (SEM) analysis of the RRAM device was done
by using Zeiss-Supra 55. RRAM devices were electrical characterized by using

Keithley-4200SCS the semiconductor characterization system.
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Results and discussion

The SEM image of the fabricated IrOx-NC RRAM with a cross point of 1.5 pm % 1.5
pm is shown in Fig. 1b. Two different RRAM structures, one is with IrOx-NC in
MI-(MNC)-IM (S1) form and the other without IrO4-NC in MIM (S2) form are
illustrated in Fig. lc. The different layers of the MI-(MNC)-IM structure were
confirmed by the energy dispersive X-ray spectroscopy (EDS) analysis as shown in Fig.
1d. The formation of the tiny 1 nm IrO4-NC within the AlOy layer for the via-type
RRAM devices has been reported elsewhere'2. This kind of structure engineering can
play an important role to improve the much required properties of the crossbar RRAM
devices for larger array integration.

Fig. 2a shows a bipolar touch in current density-voltage (J-V) hysteresis
characteristics of S1 and S2 crossbar RRAM devices. On applying an external
stimulation with either a positive forward bias or a negative reverse bias the junction
point of BL and WL can be turned-on depending on the virgin state of the I-layer. The
initial resistance state for S1 and S2 devices were holding a HRS, thus a positive bias
was applied to the BL to make the transition from HRS to LRS, called SET process. A
negative voltage can make the transition from LRS to HRS, known as RESET process.
Continuous arrows are indicating the RS direction. A similar manner of acting under the
specified circumstances with >10,000 RS cycles at the same SET and RESET voltages
can be observed for the S1 devices as shown in Fig. 2b. Applied current compliance
(Icc) level was maintained at 100 pA throughout the continuous RS operations. As inert

type high WF metal lines are employed in the BL and WL, anions like oxygen
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vacancies (V,) will take place to control the electric current flow through the circuit.
The BL will act as the cathode and WL will act as anode in this case. To complete the
circuit, BL was raised to higher voltage level by applying a positive voltage and WL
was grounded. The electron flow from BL to WL will be enhanced by increasing the
voltage at BL (VgL). An abrupt transition of R state from 100 kQ to 10 kQ will take
place with the Vg, above +1 V. In this situation, the V,anions will be distributed in the
whole range of the active layer and will make a connection between the WL and BL.
Another transition from LRS to HRS i.e. the RESET transition will take place at -1.5 V.
The resistance will increase gradually as the number of V, anions will decrease with the
voltages. Because of the electric field enhancement, the filament formation will be
guided by the MNC and as a result the higher switching stability has been achieved by
S1 structure [Fig. 2¢] with a nice Irgser scaling trend [Fig. 2d]. During the hysteresis
switching measurements the SET and RESET voltages were fixed at +2 V and -1.5 V
with the SET Icc of 100 pA. For the worse case the S1 and S2 devices are showing the
resistance ratio of >20 and >5, respectively. Although the Igrgsgr scaling was
maintaining its nature at a low Icc of 10 pA, Vggr was not showing the trend at the
lower Icc. For a typical device the Vgpr and Irgsgr scaling trend is shown in Fig. S1 of
supporting information. Highly stable multi levels of data storage capability are
achieved for S1 devices at both of the high and low conducting states [Fig. 2e]. Fig. 2f
shows that the fabricated S1 crossbar RRAM devices are capable to retain data at HT
also. During the retention test SET and RESET were maintained at +2 V and -1.5 V,

respectively, with a pulse of 500 ps. The I¢c level (200 pA) was the same during the
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retention measurements at 25°C, 85°C and 125°C. Good nonvolatile characteristics can
be achieved with & of >20 at 125°C.

The voltage dependent resistance changes are achieved by both of the S1 and S2
devices. But in this voltage dependent resistance network system, the voltage
dependency in LRS of S1 devices is more prominent than that of the S2 devices [Fig.
2a). A fair comparison within the same frame of the I-V characteristics indicates a
parabolic type NL nature of the S1 devices.

The NL factor (1) is defined as the ratio of current at the SET voltage (Vsgr) to the
current at half of the Vggr. At the same operating conditions the higher n can be
executed by S1 devices as shown in Fig. 3a. For the S1 devices the current at half of
Vser is lower i.e higher R value is achieved as compare to the S2 devices. This voltage
dependent resistance property can improve the sensing margin of the crossbar devices
by making more resistive sneak paths. In a common crossbar, the selected device (SD)
needs higher voltage than the half selected devices (HSD) or the unselected devices
(USD). Hence, higher n value can easily introduce a higher resistive effect in HSD or
USD. A simple illustration of the relation between n and crossbar array is shown in Fig.
S2 of the supporting information. To confirm the n characteristics, over 200 devices
were measured for each type of the fabricated crossbar RRAM devices, are summarized
in Fig. 3b. The cumulitive probability of the S1 and S2 devices at room temperature
(RT) and HT can be obtained with different coefficient of variations (¢), where ¢ is
defined by the ratio of standard deviation (c) to mean (u) value. Lower ¢ can be

observed for the S1 devices at RT and HT measurements. For S1 and S2 devices the
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variation of mn with different ¢ values are listed in Table S1 of the supporting
information. One can achieve higher n for S1 devices at the RT as well as at the HT.
When the writing process of the crossbar array RRAM devices is in progress, the higher
n of the S1 devices are able to improve the voltage delivery through the SD. A study on
voltage distribution scheme along the WL for linear and NL devices has shown the
necessity of higher n'® to create more resistive leakage paths, resulting a lesser
degradation of the operating voltage have been achieved by the NL devices as compare
to the linear one. Indeed higher 1) is one of the basic requirements to achieve one highly
dense 3D crossbar RRAM array. Moreover, 1 can be further improved by reducing the
current flow through the circuit. Distinguished NL values are achieved with maintaining
an increasing trend in the company of decreasing Icc as shown in Fig. 3c. S1 devices are
showing almost linear nature with very less 1 at a high Icc of 200 pA. At Icc of 100 pA
and 50 pA the n values are accordingly ~ 4.5 and ~ 6.5. Similar n have been reported
for the TiO, based 1TIR devices.? For S1 devices, highest 1 of > 10 can be observed
with an Icc of 10 pA. NL value of > 10 have been reported for the other devices such as
TaO,/TiO, based oxide hetero structure RRAM? and transition metal oxide (TMO)
based RRAM." One very clear & and 1 scaling trend can be observed from Fig. 3d. In
brief, the lower the Icc, the lower the resistance ratio and the higher the nonlinearity.

In what follows, we want to discuss the physical origin of the switching mechanism
for LRS. Actually, different conduction mechanisms have been suggested including
SCLC, Fowler-Nordeim (FN) tunneling or Pool Frenckel (PF) emission. However, here

we suggest that VRH is responsible for the conduction process and the V, dominates the
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switching mechanism of the fabricated RRAM devices. According to hopping theory,™

the I-V curves of RRAM device can be formulated as the Equation 1.

, , « .. [eRF
] ~2eR'NkgTy,exp(6',,) sinh | —
The current density is denoted by J where ¢ is electron charge, R’ is the average hopping
distance, N;is the density of localized states in volume and energy ground t, kg is the
Boltzman constant, T is the temperature, vy, is the attempt frequency, 0',, is the average

nearest hopping range. If, for a given T the carrier will be hoping to a site within a

sphere of radius r(T). Then, the average hopping distance can be written as Equation 2.
1
3 2
¥~ (feegiat)
167N kg T )
where, ¢ is the inverse localization length (¢ = 0.1 nm and 0.12 nm for AlO, and IrO,,
respectively). The I-V curves are superposed perfectly with this hopping theory as
shown in Fig. 2a. Therefore, it is expected that hopping process is the dominating factor
of the current conduction through the formation of the V, anion filament.

NL behaviour is a strong dependant of T. The T dependent LRS I-V
characteristics are plotted in the inset of Fig. 4a. With increasing of T the LRS current
increases which is clearly an indication of the non-metallic filament formation through
the anion migration for the fabricated RRAM devices.** For 1D system, the average

nearest hopping 0, is inversely related to the operating T as shown in Equation 3.

T 1

2
- ()

nhhn T (3)
Therefore, 0y, decreases with increasing T, which is related to n of the devices with

different T. If one can plot the graph n(T) vs T [Fig. 4a], a clear decreasing trend of 1
10
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can be observed with increasing of T. As the hopping distance is continuously
decreasing with increasing T, hence 1 becomes weaker at higher T. The conductivity (o)
of the devices is strongly depends on T. Indeed, as ¢ increases with T, resulting a lower
R and lower n at HT. More remarkably, ¢ related to T with a simple power-law
equation. In agreement with Luttinger’s model of 1D metal, c ~ T at lower Vg can be
well fitted in our case. The universal scaling character in T dependent I-V curves is the
major prediction of the Luttinger’s model. When T s plotted against eV /kgT,
then all of those different T dependent I-V curves will be conjugated together and will

generate a single I as written in Equation 4.2

+1 iveV,
r (B )+ Iyevgy,
2 T[kBT

2

YeVBL)

[= IOT(““‘).sinh( T

4)

where Iy and y are the constants, I' is the gamma function and  is related to [ and V
at low T i.e I ~ VP. With a ~ 4.83 and B ~ 1.75 [inset of Fig. 4b], the Luttinger’s
model is fitted perfectly with our experimental results. A comparison of a and § values
for this work and the other reported works are shown in Table S2 of supporting
information. All of those different T dependent I-V characteristics will show good
power-law behaviour and will collapse quite nicely onto a universal curve over the
entire bias range excepting the higher bias region where the device reaches the I value,
as shown in Fig. 4b. As the V, anions are playing a major role to control the switching
mechanism, therefore we assume the whole filament as a 1D quantum many-body
system.” The charges will forward through devices by tunnelling through the 1D
quantum defects created by the formation of V, anions.*® This is the generation of the

idea about the hopping through defects and the origin of NL characteristics of the
11
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fabricated crossbar RRAM devices. Further improvement in the structure design is

necessary to achieve very high n for real high density crossbar array integration.

Conclusions

The structure engineering based on I-MNC-I concept for selector-less crossbar
RRAM has been reported in this study. The design will allow a high stability in
hysteresis switching endurance of >10,000 cycles, well controlled SET and RESET
operations, multiple levels in HRS as well as in LRS, HT data retention with improved

nonlinearity in the LRS. The higher the 1, the higher the writing power efficiency, as

maximum current will flow through SD and can be achieved with lower I¢c and lower T.

We believe that, this new approach offers the flexibility to engineer nonlinearity which
can meet the urgent requirements of the future crossbhar RRAM memory technology.
But more analysis on device structure design is necessary to achieve high density
memory application with good resistance ratio, high nonlinearity even at HT, reliable

switching cycles and good retention at low current.
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Fig. 1 The crossbar RRAM structures. (a) Schematic illustration of a crossbar array. (b)
Scanning electron microscopy (SEM) image of a 1.5 um x 1.5 um cross point. (c) The
schematic of the junction point of MI-(MNC)-IM device (S1) and MIM device (S2).
(d) The layer by layer elemental analysis of the S1 crossbar RRAM devices has been
confirmed by the energy dispersive X-ray analysis. A clear evidence of MNC is found

in between the insulating layers.

17



Nanoscale

Ok~ v . x T .
() (b)p
5k
-a=S1
4k -=S2
— Fitting

Current density [A/cmz]

15 1.0 05 00

0.5

1.8
Voltage [V] Voltage [V]
4
10 . " r T . 160 1.8
(©) (d)
- S1
=52 140 ~ 16
10’5 3 é 120! \
= = § 1.4
£
- b
S 5 100}
E . o 1.2
- =
L 10
g o} — |
o~ 11.0
60r
7
0.8
10 10° 10" 10° 10° 10* 50 100 150 200
No. of cycles [#] Current Compliance [pA]
10" d g g " y 10*
(e) MLC @ LRS ®
_A_A....A..,.»._‘......-I‘IJ.‘..."'_A..-,_‘
105 :A_A’_.A...‘..A..'.-.A“A... AAAAAAA '.Q.A_A_ 105
_ LA, add adb g AAAL A4
= e -3 B I st S 25°C
5 10°
o
s - B B S IRy it R i
107k MLC @ HRS 4 .
ESS&W%W% 85°C PRI
1048 0 1 2 3 4 5
10 10 10 10 10 10 0 10k 20k 30k
Time [Sec] Time [Sec]

120

Current [pA]

SET Voltage [V]

Current [A]

Fig. 2 Memory performance of the fabricated RRAM devices. (a) Typical bipolar J-V

hysteresis switching for the S1 and S2 devices with Icc of 100 pA. VRH process is
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fitted well with the LRS of the devices. The input parameters are: N;=4x10° m™ and v,
= 1x10" 5. (b) Very stable continuous RS of >10,000 cycles are achieved for S1
RRAM, because of the formation of stable filament. (¢) MNC within the structure are
playing a vital role to control the stability of the filament. Therefore, the superior
stability is obtained for S| RRAM instead of S2. (d) Irgser and Vsgr depends on I¢c
upto a certain limit. For very low Icc the trend was not matching perfectly. (e) Various
levels can be achieved for the lower conducting state as well as for the higher
conducting state. Reliability of each state has been tested over 27 hours. (f) High

non-volatility can be observed even at 125°C.
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Fig. 3 Nonlinear behavior of the crossbar RRAM devices. (a) The variation of 1 over
switching cycles for S1 and S2 devices. (b) The cumulative probability distribution
of n at RT and HT with a same I¢c of 100 pA. Higher n will introduce more resistive
sneak paths for the S1 devices which is very useful for crossbar array application. (c)
The n will change as a function of Icc. (d) The 1 and & dependence on I¢c. For higher
Icc, device will show linear nature with higher & and for lower Icc, device will show
nonlinear nature with lower &.
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Fig. 4 (a) Temperature dependent NL behavior. The I-V shows the semiconducting
nature of the filament (inset). (b) Luttinger’s model of 1D metal fitted well with RRAM
devices. The fitting parameters a and § will depends on T and V at lower voltage and

lower temperature, respectively (inset). The input parameters are: Iy= 5x10™ Amp, T =

298 K and y = 2.
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