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Resistive switching devices based on binary transition metal oxides have been widely investigated. However,
these devices invariably manifest threshold switching characteristics when the active metal electrode is
silver, the dielectric layer is hafnium oxide and platinum is used as the bottom electrode, and have
a relatively low compliance current (<100 pA). Here we developed a way to transform an Ag-based
hafnium oxide selector into quantum-contact originated memory with a low compliance current, in
which a graphene interface barrier layer is inserted between the silver electrode and hafnium oxide layer.
Devices with structure Ag/HfO,/Pt acts as a bipolar selector with a high selectivity of >10% and sub-

threshold swing of ~1 mV dec™™. After introducing a graphene interface barrier, high stress dependent
Received 1st July 2019 (forming at +3 V) formation of localized conducting filaments embodies stabl latil
Accepted 5th August 2019 orming at + ormation of localized conducting filaments embodies stable nonvolatile memory
characteristics with low set/reset voltages (<+1.0 V), low reset power (6 pW) and multi-level potential.

DOI: 10.1039/c9na00409b Grain boundaries of the graphene interface control the type of switching in the devices. A good barrier
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Introduction

Resistive random access memory (RRAM) devices are widely
considered for ultra-high density nonvolatile memory applica-
tion due to plenty of advantages (e.g., high speed, low power
consumption, potential for high density integration etc.)."”
Both anionic and cationic motion based RRAM devices have
their own merits of applicability. Cation-based resistive
switching (RS) devices transform between a high resistance
state (HRS) and a low resistance state (LRS) typically with the
structure of active top electrode (TE)/RS dielectric layer/inert
bottom electrode (BE). The switching mechanism of these
devices is dominated by conductive filament (CF) formation/
dissolution, namely electrochemical metallization (ECM).**
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can switch the Ag-based volatile selector into Ag-based nonvolatile memory.

The physical switching mechanism for the formation/
dissolution of these CFs is due to effect of electric field and
Joule heating processes.

In ECM, silver is an established active electrode or dopant
material, and invariably exerts threshold switching (TS) char-
acteristics at a low compliance current, as has been reported by
several groups.®” Due to the thermal diffusion of the active ions
under conditions of an imposed electric field, the temporal and
special evolution of the metallic bridge conducted the conduc-
tance evolution process in such devices.* Applying a voltage to
set the device, the device converts from a HRS into a LRS when
reaching to a certain voltage namely the threshold voltage (V).
Whereas retracing the voltage sweep, the device returns to
a HRS at a certain voltage namely the hold voltage (V},). Below
a certain critical voltage the device is incapable of maintaining
a LRS after revoking the external stimuli. However, instead of
showing a volatile TS nature, the ECM devices can also manifest
a nonvolatile memory switch (MS) depending on the stability
and retention capability of the CF.'** Although both the
switches are dominated by the formation/dissolution of the CF,
for a practical application the requirements for the MS and TS
are poles apart. It’s a twist of fate that a MS must be a low power
nonvolatile device with higher stability of the CF, whereas a TS
must be a highly nonlinear volatile device with poor stability of
the CF. Previously, Ag-based ECM devices with either MS type or
TS type switching have been reported using several inorganic
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dielectrics.”*™ Depending on the different diffusion barriers of
different dielectrics and dielectric based variable diffusion
coefficient of cations, the anatomy of the CF can be changed. In
general, the Ag/HfO,/Pt based structure is used to design TS
type devices.'**® However, it is also possible to obtain the MS
behavior in the same structure by modulating the morphology
of the CF using an ultra-thin graphene barrier layer. In our
previous report, we have demonstrated Ag-based nonvolatile
switching by creating nano-holes in a graphene barrier layer
using expensive modern photolithographic technique.
However, in this work the graphene barrier layers can effectively
switch the volatile selector into nonvolatile memory using
a simple cost effective approach.

In this work, we investigated graphene as an interface barrier
layer to modify the performances of Ag-based RRAM devices
with low compliance current. Graphene is a very stable, semi-
transparent, very thin sheet with periodically tightly packed
carbon atoms with sp> hybridization. Structurally, a graphene
sheet has a two-dimensional hexagonal grid structure with 65
pm diameter of cavity.>*** Because of the smaller cavity size as
compared to any other atoms or ions, graphene has proved to be
a very effective and thermally stable to ~750 °C atomic diffusion
barrier material.*® Previously, graphene as a barrier layer has
been successfully used to reduce the power for anionic CF based
devices.**** But it is more challenging to change the entire
switching nature from a highly nonlinear volatile TS to a low
power operated nonvolatile MS, in the same HfO, based RRAM
structure. Here, Ag/HfO,/Pt based standard devices have been
used to achieve a lower operating voltage controlled (+0.3 V)
volatile TS with a highly stable nonlinearity of >10°. The TS
nature of the same device changes to MS when a graphene layer
is introduced as a barrier at the Ag/HfO, interface. A high initial
stress dependent forming process (+3 V @ 100 pA) can create
a localized hole in the graphene layer which can actively control
the diffusion process of the Ag cations into the HfO, matrix,
hence the anatomy of the CF can be controlled. A highly stable
low voltage (<+1.0 V) operated nonvolatile MS performance of
the graphene-based Ag/HfO, devices is achieved with a large
resistance ratio (~10%), multi-level storage capacity with a lower
operating power to a few pW. Moreover, the authenticity of the
claimed performances was verified by re-fabricating the
complete stack of the graphene-based devices. Precaution must
be taken during the graphene film transfer process, as it can
introduce different sizes of grains which can originate either the
MS or the TS nature in device-to-device variation. In this paper,
the detailed physical analysis for all possible contingencies are
examined and discussed, which can definitely provide guidance
for future development.

Experimental

The Pt/Ag/HfO,/Pt/Ti (D1) devices were fabricated with crossbar
structures. First, after the first ultraviolet lithography process,
a Pt/Ti (40/5 nm) BE was successively deposited by e-beam
evaporation onto the SiO,/Si wafer followed by a lift-off
process. Then, a 5 nm HfO, film was deposited by the magne-
tron sputtering method. Finally, after the second ultraviolet
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lithography process, 40 nm Ag TE was deposited with a 10 nm Pt
capping layer by the magnetron sputtering method, and fol-
lowed by a lift-off process. To fabricate the graphene-based Pt/
Ag/graphene/HfO,/Pt/Ti (D2) devices, the graphene was trans-
ferred before TE deposition. Graphene sheet was purchased
from Hefei Vigon Material Technology Co., Ltd. The graphene
was deposited on two sides of a Cu film. At first, to protect the
graphene, one side was coated by rotation (4000 rpm, 60 s) with
a layer of PMMA. Next, oxygen plasma (1 Pa, O, 80 sccm, 100 W
and 15 min) was used to etch the graphene which was not
protected by PMMA. After the etching of graphene, FeCl; was
used for 6 hours to etch the Cu film. After that, hydrogen
chloride solution was used to clean away FeCl; (15 min, 3
times). Then, deionized water was used to clean away the
hydrogen chloride (10 min, 3 times), and the cleaned graphene
film was transferred onto HfO, film. Finally, an ultraviolet
lithography process, followed by oxygen plasma etching process
(0.8 Pa, O, 40 sccm, 50 W and 1 min), was used to pattern the
graphene film. The fabrication process of the TiN/HfO,/Pt (D3)
devices is reported somewhere else.”* In that case, a thin
interfacial layer i.e. TiO, or TiON can be formed which can be
influential for the switching process.>** However, in this work
we are just focusing on the Ag-based devices i.e. D1 and D2.

The DC mode and pulse mode I-V characteristics of all
devices were implemented in the atmosphere using a semi-
conductor characterization system (Agilent B1500A Semi-
conductor Device Analyzer). The SEM images of the morphology
of the corresponding devices were obtained using a field-
emission scanning electron microscope (ZEISS SUPRA 55
SAPPHIRE). The HRTEM images and EDS line scan composi-
tion analysis was accomplished with a JEOL ARM 200F cold field
emission gun TEM/STEM with cs-corrector under 200 KkV
voltage.

Results and discussion

To illustrate the proposed idea, we have designed both ECM and
VCM (valence change mechanism) type RRAM devices main-
taining the same 5 nm thick HfO, film as the RS dielectric layer
and Pt as the inert electrode material. The only differences
among the different structures are in the TE layer and the gra-
phene layer, which clearly demonstrate that the graphene
barrier could induce selector to transform into memory. Three
types of structures are identified as D1, D2, and D3 for Ag/HfO,/
Pt, Ag/graphene/HfO,/Pt, and TiN/HfO,/Pt, respectively. Fig. 1a
shows a schematic view of Ag-based standard selector devices
(D1), which can perform a TS from low (Fig. 1b) to high (Fig. 1c)
current compliances, induced by silver diffusion and drift
motion. Previously similar TS behavior has been reported not
only for Ag/HfO, based devices*® but also for flexible solution-
processed devices.** Selector can turn into memory when a gra-
phene barrier layer is inserted between the HfO, layer and Ag-
electrode (D2), as shown schematically in Fig. 1d. Diffusion of
Ag into the HfO, layer can be controlled by the graphene barrier
layer, which leads to transformation of TS behavior into resis-
tive MS behavior. Fig. 1e and f show the I-V curves of D2 with 30
pA and 75 pA, respectively. A positive voltage was applied to the
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Fig.1 Comparison of resistive switching processes. (a) Schematic of D1 devices which can perform like a selector at (b) 10 pA and (c) 100 pA. (d)
Illustration of the graphene barrier layer device D2 with memory behavior at (e) 30 pA and (f) 75 pA. (g) lllustration of D3 VCM devices, which can
perform memory switching at (h) 30 pA and (i) 75 pA. However, because of a different switching mechanism, the set and reset processes of the D3

devices are different from D2 devices.

top Ag-electrode to switch the device from HRS to LRS. On the
contrary, a negative voltage was used to reset the device. It is
notable that the reset current in the D2 devices is scaling down
with the decreasing compliance current (Igc). To confirm the
similarity of MS in the D2 devices with the standard MS RRAM,
we fabricated TiN/HfO,/Pt based VCM type D3 devices as shown
in the schematic of Fig. 1g. The representative I-V characteris-
tics at 30 pA (Fig. 1h) and 75 pA (Fig. 1i) show similar I
dependent evolution of filament, which is discussed in our
previous work.> However, due to the involvement of oxygen
vacancies, the more gradual reset nature of the D3 devices
differs from the ionic-motion involved switching in D2 devices.
Hence, in short the complete study is going to reveal the effect
of graphene to transform a strictly volatile Ag-based switching
into a nonvolatile one. To elucidate the proposal, the following
discussion is going to be concentrated mostly on the Ag-based
devices.

To understand the graphene induced transformation from
TS to MS, it is important to analyse the behavior of Ag-based
non-graphene devices. The D1 device without a graphene
barrier layer embodies perfect selector performance. Fig. 2a
reflects the cycle-to-cycle I-V curve of an Ag-based selector with
Icc of 10 nA (black), 50 pA (red), and 200 pA (blue) respectively,
which shows very highly uniform selectivity/nonlinearity n of
Ion/Iorr ~108. The bias polarity independent abrupt transition
from the OFF to ON state is indicating the volatile nature of the
performance. Fig. 2b plots the average selectivity of this selector
with Icc from 50 pA to 300 pA in a log-log coordinate. What is
worthy to note is that the 7 of the selector changes linearly with
the Icc and there is no abrupt fluctuation indicating that the
device is equipped with excellent selectivity of >10% Sub-

This journal is © The Royal Society of Chemistry 2019

threshold swing is another major criterion that defines how
quickly a selector device can switch from the low current OFF to
high current ON state. As shown in Fig. 2c, the I independent
sharp sub-threshold swing of ~1 mV dec™" is indicating the
excellent electrical performance of the D1 devices. To verify the
uniformity of devices, we have examined the device-to-device
variation of the threshold voltage (Vi) of the Ag-selectors.
Fig. 2d shows the cumulative distribution of threshold voltage
of 15 devices at Ioc of 100 pA. Remarkably, an average threshold
switching voltage is about +0.34 V and —0.28 V with standard
deviation of 0.021 and 0.016 for positive threshold switching
voltage (Vin.) and negative threshold switching voltage (Vi,_),
respectively. Relatively small Vg with ultra-low power
consumption is preferable to suppress the sneak pass current
problem. To identify the high performance operation, the Ag-
selector device went through continuous switching cycles.
Fig. 2e shows the DC endurance of D1 devices with >1.5 x 10°
cycles. Hence, it is confirmed that the fabricated Ag/HfO,/Pt
devices are well suitable for the bi-directional TS application.
In this section we describe the characteristics of devices with
a structure of Ag/graphene/HfO,/Pt. Previously graphene as
interfacial layer was used to reduce the power of the RRAM cell
and transform the switching mode from VCM to ECM type.*?
Nevertheless, here, graphene at the Ag/HfO, interface can
transform the entire switching mechanism from TS to MS mode
in ECM devices. During the electrical measurements, stimuli
was applied to the Ag-TE, and Pt-BE was grounded. Unlike, Ag-
based D1 devices, the graphene-based D2 devices needed
a forming process. Although, device-to-device forming voltage
variation can be observed, on average +3.2 £+ 0.52 V is needed to
initially activate the D2 devices, as shown is Fig. 3a. The forming

Nanoscale Adv., 2019, 1, 3753-3760 | 3755
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Fig. 2 Selector performance analysis of D1 devices. (a) The cycle-to-cycle /-V characteristics with different Icc values of 10 nA (black), 50 pA
(red) and 200 pA (blue). (b) The change of selectivity as a function of Icc. A large selectivity of 108 is achieved by the D1 devices. (c) Sub-threshold
swing is very low ~1 mV dec™ and independent of /¢ values. (d) Statistical distribution showing that on average, D1 devices can switch at
a positive Vi, of +0.34 £ 0.021V and at a negative Vy,_ of —0.28 £ 0.016 V. (e) The selector performance is very stable even after the rigorous 1.5

x 10% dc switching endurance.

voltage of the D2 devices is very significant in identifying the
switching mode in the D2 RRAM, which will be discussed later.
A glimpse of the graphene barrier induced MS in D2 devices is
shown with continuous switching cycles in Fig. 3b. The device
shows typically bipolar MS behavior. When the DC voltage is
swept from 0 to +1 V with a current of 100 pA, the resistance of
the device abruptly switched from HRS to LRS due to the
formation of a CF and maintained LRS when the voltage is

swept back from 1 to 0 V with the introduction of a large
resistance ratio of >10%. With the negative voltage sweep, the
resistance of the device maintained LRS at the beginning and
then suddenly switched from LRS to HRS because of the
dissolution of the CF. The memory performance of the D2
devices is tunable with the Ioc. Different levels of storage are
identified in Fig. 3c. Due to the evolution of stronger CF
formation, a sufficiently low LRS is achieved at 100 pA, which
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Fig.3 Performance analysis of Ag/graphene/HfO,/Pt devices and the origin of MS. (a) The device-to-device forming voltage distribution. (b) The
continuous /-V characteristics at 100 pA. The black line shows a typical cycle. (c) The effect of Icc to define different levels of the devices. (d) A
half integer quantum conductance change is identified. () Ohmic conduction is dominant in the LRS. (e) The variation of the reset current with
the reset voltage along with different /cc showing the scaling probability of the reset power in the graphene-based D2 devices.
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changes towards the higher resistance side with decreasing I
up to several tens of pA. The LRS of the switched devices indi-
cates the formation of an atomically connected CF. A minimum
of  half-integer = quantized  conductance transitions

n\ [ 2¢* . .
G= i for n = 1, 2, 3, etc., is observed in the Ag/gra-

phene/HfO,/Pt based devices (Fig. 3d). Most importantly, in
spite of the set Ioc value, the nature of the LRS in D2 devices is
linear (with nonlinearity of <2) with Ohmic type conduction
behavior, as shown in Fig. 3e. In contrast, the D3 devices were
nonlinear type, due to the oxygen-vacancy based CF formation,
as discussed in an earlier study.** To study the reset properties
of the D2 devices, we plotted the reset voltage and reset current
in Fig. 3f. For any compliance, reset voltage and reset current
are randomly distributed with device-to-device. However, the
probability of changing the reset voltage and reset current
towards the lower side decreases with the scaling of Icc. In this
specific case, for a Icc of 30 pA, considering an average reset
voltage of 0.4 V, a minimum achievable reset power

1
PRreser = (VRESET)2 X <5G0) of 6 uW is needed to shut-down

a single point contact. As aforementioned in the set process,
a higher compliance current leads to stronger and more stable
CF, hence, a stronger electric field and higher Joule heating is
needed to dissolve the CF at a higher Ic.

All the different levels were tested with continuous switching
cycles as shown in Fig. 4c. Negligible fluctuation without any
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serious state overlap is achieved at a read voltage of +0.2 V. To
confirm the operational feasibility of the D2 devices under the
AC mode, we further used pulse measurement, as show in
Fig. 4b. The pulse consisted of 200 s @ Vietreset = £1.1 V to set/
reset the device to LRS/HRS and 200 pus @ Vieaq = 0.2 V, to
confirm the state of the device, and the interval between the
pulses was 100 ps. The actual speed of switching is +1.1 V@ 10
us. Due to the slower growth process of the CF based on cationic
movement, the delay time is ~10 us, which is similar to the
previously reported delay time for the Pt/HfO,/Ag-based TS
devices.? To check the authenticity of the proposed structure, we
have verified the reproducibility of graphene-based D2 devices
and refabricated the same by maintaining a similar configura-
tion. The typical I-V characteristics of the 2™ time fabricated D2
devices (D2-2) and the comparison between the reset power (@
100 pA) of the 1° (D2) and 2™ time fabricated devices are shown
in the ESI Fig. S1a and b, respectively. Both D2 and D2-2 devices
performed electrically in the same fashion. The cumulative
distribution of set voltage and reset voltage of the D2 and D2-2
devices are shown in Fig. 4c. To investigate the nonvolatile
properties, we measured the retention characteristic with a read
voltage of +0.2 V, as show in Fig. 4d. Both the devices are iden-
tical in nature. Devices from both the batches show stable
nonvolatile MS operation with an average set voltage of +0.53 V
and reset voltage of —0.78 V. However, the memorizing ability
faded after a certain duration, which matches with the presence
of the relaxation time in our devices. This is believed to originate
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Fig. 4 Performance analysis of D2 devices. (a) Resistive switching cycles for different resistance levels. (b) The devices can set or reset under
pulse operation with pulse amplitude of +1.1 V and pulse width of 10 ps. (c) Comparison of the operating voltages of the 1% time and 2" time
fabricated graphene based D2 devices. (d) Unlike the non-graphene devices, the graphene based devices can show retention behavior.
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from the spontaneous rupture of the cationic filament by an
ionic mass transport effect. Hence, all the electrical perfor-
mances indicate the presence of a metallic type CF in the D2
devices, even with the presence of the graphene barrier layer.

To investigate the switching mechanism, a 3 x 3 pm? device
was operated under positive voltage with an I of 300 pA. The
scanning electron microscopic (SEM) image of the operated
device is shown in the inset of Fig. 5a. A simple Ag/HfO,/Pt stack
is identified with graphene at the Ag/HfO, interface. To eluci-
date the switching mechanism, scanning tunneling electron
microscopy (STEM) analysis was performed, as shown in Fig. 5a.
The d spacing of 0.225 nm (inset of Fig. 5a) indicates the pres-
ence of the Ag (101) plane just on the top of the graphene layer.
The elemental information (spectrum image) of the electrically
operated device was investigated by energy dispersive spec-
troscopy (EDS) analysis as shown in Fig. 5b-e. The elemental
line scan of the same area is shown in Fig. 5f. It is important to
note that, the thickness of the graphene barrier layer is not very
clear from the STEM image. The target was to design monolayer
graphene based devices as the number of layers is another
factor for controlling the ionic diffusion. In addition, Lanza
et al.*® reported that monolayer graphene could lead to cracks in
larger devices. The SEM image is also supporting that
statement.

(e) Mixed .
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Before discussing the switching mechanism in graphene
based devices, it is necessary to understand the switching in the
Ag-based devices. The temporal evolution of cationic CF in Ag-
based selector devices has been reported by several
researchers.’® In a similar fashion, the switching mechanism of
the D1 devices are illustrated in Fig. 5g. The D1 devices can be
operated without any additional forming process and the device
can switch from a very low OFF state to the applied I levels. At
a voltage V. ~ +0.3 V, the cationic movement can cause
a transition of the high OFF state resistance to a lower level by
creating a metallic bridge between the electrodes. Although the
fast moving cations can form a CF easily, bias ceasing domi-
nating the spontaneous rupture of the CF is the reason behind
volatile TS. A similar effect with a negative bias of V. ~ —0.3 V
indicates that after the positive process a sufficient amount of
Ag is deposited on the Pt BE, which can be activated during the
negative side switching. Hence the D1 devices are showing only
bi-directional TS behavior. Unlike the devices without gra-
phene, the devices with a graphene barrier layer i.e. D2 can
show standard ECM type MS behavior. After going through the
stress dependent forming process at a high voltage ~+3.0 V, the
Ag/graphene/HfO,/Pt device can show MS behavior. Due to the
presence of the graphene barrier layer to the Ag diffusion, the
devices needed a higher forming voltage to create a local
channel for the cation diffusion. A strong localized metallic
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Fig.5 Physical analysis and switching mechanism. (a) STEM images of the device with graphene barrier layer operated under MS mode. The EDS
mapping images for (b) Ag, (c) Hf, (d) Pt and (e) mixed elements with graphene interface in D2. (f) The line scan is showing the LRS of the device
operated under MS mode. (g) Schematic switching mechanism of Ag-based devices with bi-directional TS and MS in D2 devices at (h) LRS and (i)
HRS. For a good quality graphene film the selector behavior of D1 will transfer to memory in D2 devices.
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Fig. 6 Performance summary. Schematic illustration of the performance summary for with and without graphene based devices. The device
without graphene can show volatile switching and the device with graphene-barrier can show nonvolatile switching.

bridge conducts the change of the state from HRS to LRS. The
line scan in Fig. 5f shows a gradually decreasing intensity of the
Ag from 1 to 2 i.e. from Ag TE to Pt BE, as shown schematically
in Fig. 5h. To break the local CF, an average reset voltage of
—0.78 V needs to be applied, which will change the LRS to HRS
(Fig. 5i). The continuous MS operation is the change of the
resistance states among Fig. 5h and i. Previously it has been
reported that higher breakdown voltages lead to wider
conductive nanofilaments.***® In those works it is indicated
that narrower filaments (lower breakdown voltages) result in RS,
while wider filaments (higher breakdown voltages) result in
permanent breakdown. This is similar to what this work is
indicating, but at a lower stress regime (lower voltage threshold,
while higher voltage bipolar). Hence, in short one can conclude
that a weaker filament or a stronger filament leads to the
switching of RS and MS kind, respectively. A comparison
between the devices with and without graphene-barrier layer is
shown in Fig. 6. Therefore, the presence of a graphene film can
effectively change the nature of volatile switching in the Ag-
based design, to a nonvolatile one.

Although device-to-device performance variation is observed,
the variation can be improved by improving the graphene film
transfer process. Here we must mention that the quality and
grain boundaries of the graphene film are playing a major role
to define the switching process. The 3 x 3 um? devices without
and with grain boundaries are shown in the ESI Fig. S2a and ¢,
respectively. Zoom-in pseudo-colored view of the cross-points
show that there is no such grain boundary present in one
device (Fig. S2bt) whereas large grains are crossing through the
other one (Fig. S2d¥). Due to the presence of the larger grain-
boundary in the damaged graphene barrier layer, it is easy for
the Ag cations to diffuse through the grains under a smaller
applied bias condition. The graphene film transfer process can
introduce the grains in the graphene film. Depending on the
film quality through the device active area, the electrical
performance can be changed which is evident in the forming

This journal is © The Royal Society of Chemistry 2019

characteristics for defective graphene based devices (ESI
Fig. S31). A poor graphene barrier with lower forming voltage
can behave as a TS. In short, the devices with good quality
graphene film need a higher forming voltage and can be oper-
ated under the MS mode.

Conclusions

In conclusion, we have investigated the graphene interface
barrier layer induced transformation of TS behavior into MS in
Ag-based RRAM devices. The standard non-graphene Ag-based
devices show high quality selector performance with a selec-
tivity >10% and sub-threshold swing of ~1 mV dec ™. The volatile
switching of the non-graphene Ag-based devices changes to
a stable nonvolatile one with a graphene barrier layer, by
enhancing the forming probability of a stress induced localized
conducting filament. In graphene-based devices the MS can be
operated below +1.0 V, with multiple storing ability. However,
the grains crossing through devices can degrade the perfor-
mance which can be further reduces by scaling the device size.
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