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transfer was repeated several times (typically ∼3) in order to 
further improve the conductance of the electrodes, therefore 
forming a multilayer graphene (MLG) stack. An optical graph 
of the glass substrate with the MLG fi lm on top is displayed 
in Figure  1 b, showing high transparency. Subsequently, the 
MLG fi lm was patterned into bottom electrodes (BEs) with 
widths of 1–5 µm by photolithography and O 2  plasma etching 
(Figure  1 a2). Au/Ti metal contacts (B1 and B2) were then 
deposited onto the two ends of the MLG BE afterwards to mini-
mize the contact resistance to the external probes in electrical 
measurements (Figure  1 a3). Following BE defi nition, a bilayer 
oxide structure consisting of an oxygen rich Ta 2 O 5– x   layer 
(∼5 nm) and an oxygen defi cient TaO  y   layer (∼40 nm) serving as 
the switching medium of the RRAM devices was successively 
deposited by radio-frequency (RF) sputtering and reactive sput-
tering (400 °C, O 2 /Ar = 3%), respectively, without breaking the 
vacuum (Figure  1 a4). Similar to steps 1–3 in Figure  1 a, multiple 
monolayer graphene transfer, O 2  plasma etching and Au/Ti 
metal contacts deposition were conducted again to fabricate the 
top electrodes (TEs) that complete the crossbar memory struc-
ture (Figure  1 a5–7). Finally, a pad opening step was performed 
through a timed reactive ion etching (RIE) process to remove 
the Ta 2 O 5– x  /TaO  y   bilayer on top of the bottom contact Au/Ti 
pads (Figure  1 a8). The sizes of the RRAM devices in this work 
range from 1–5 µm × 1–5 µm, and during measurements the 
voltage was applied on the TE with the BE grounded. Figure  1 c 
shows an optical graph of the as-fabricated chip. Compared 
with Figure  1 b, the transparency decrease is likely due to the 
relatively high concentration of metallic components in the 
TaO  y   base layer of the switching medium.  

 Since resistive switching in Ta 2 O 5– x  /TaO  y   bilayer devices is 
driven by internal oxygen vacancy redistribution, the change in 
deposition sequence should in principle only lead to a reversal 
of the switching polarity, as has been verifi ed by studies on 
devices with inert metal electrodes. [ 25 ]  However, in the case 
of devices with MLG electrodes, the stacking sequence of 
the bilayer was found to be critical in determining the device 
behavior, as shown in Figure  1 d,e. When the Ta 2 O 5– x   layer was 
deposited fi rst on the graphene BE followed by TaO  y   deposition, 
the MLG/TaO  y  /Ta 2 O 5– x  /MLG (top to bottom) devices exhibited 
conventional bipolar resistive switching characteristics similar 
to the results obtained with metal electrodes, [ 25,26 ]  as shown in 
Figure  1 d. Such switching behavior can be well understood in 
the picture of V O  exchange between the Ta 2 O 5– x   and the V O -rich 
TaO  y   layers, [ 8,26,27 ]  and the switching polarity with positive SET 
and negative RESET voltages is a natural result of the device 
confi guration since the V O  reservoir (the oxygen defi cient TaO  y   
layer) sits on top in this case. The linear on-state behavior is 
also consistent with Ohmic conduction for the V O -based con-
ducting fi laments in Ta 2 O 5– x  /TaO  y   RRAMs. [ 8,26,27 ]  

  Driven by the continuing demand for improved computing 
capability, the semiconductor industry has been constantly 
looking for a fast, reliable, scalable yet nonvolatile memory tech-
nology. Nanoscale resistive switching devices (RRAMs) have 
recently generated signifi cant interest as a potential building 
block for novel data storage and computing applications [ 1–7 ]  and 
have shown exciting performance metrics including endurance 
of >10 12 , [ 8 ]  programming time of <1 ns, [ 9 ]  scalability better than 
10 nm [ 10 ]  and retention of >10 years. [ 8 ]  In addition, since RRAM 
devices do not rely on conventional Si-based transistors, they 
can potentially be fabricated in three-dimensional (3D) multi-
stack fashion or on diverse substrates for fl exible and/or trans-
parent electronics applications. [ 11,12 ]  This is particularly suitable 
for oxide-based valency-change type devices, where the resist-
ance change is caused by the redistribution of oxygen vacancies 
inside the switching layer so potentially any inert metal can be 
used as the electrode material. [ 13 ]  To this end, instead of using 
conventional metal electrodes RRAM devices can be integrated 
with novel electrode materials such as graphene to take advan-
tage of the excellent electrical, mechanical and optical proper-
ties of graphene. [ 14,15 ]  Furthermore, graphene can be readily 
functionalized or modifi ed to exhibit a number of interesting 
electrical characteristics, [ 16–18 ]  and resistive switching effects in 
some graphene based materials, for example graphene oxide, 
have also been reported. [ 19–21 ]  In this study, we show that RRAM 
devices can be successfully integrated with graphene electrodes 
in a compact device structure. More importantly, functionalized 
graphene electrodes exhibit an intrinsic threshold switching 
behavior analogous to insulator-metal transition (IMT), and 
provide a built-in selector element for the RRAM devices that 
is very desirable for mitigating the sneak path problem in 
crossbar memory arrays. [ 22,23 ]  

 The devices studied in this work were arranged in a crossbar 
structure and fabricated on a glass substrate.  Figure    1  a sche-
matically illustrates the fabrication process. Starting from a 
glass substrate, monolayer graphene fi lms grown by chemical 
vapor deposition were transferred from the growth substrate 
(copper foil) onto glass by typical polymethyl methacrylate 
(PMMA) + etchant transfer method (Figure  1 a1, Experimental 
Section). [ 24 ]  The sheet resistance of the graphene monolayer 
used in this study is ∼600 Ω/�. The monolayer graphene 

Adv. Mater. 2014, 
DOI: 10.1002/adma.201400270

http://doi.wiley.com/10.1002/adma.201400270


2

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

 On the other hand, when the stacking sequence of the 
oxide bilayer was reversed, besides the expected reversal of the 
switching polarity, the MLG/Ta 2 O 5– x  /TaO  y  /MLG devices exhib-
ited pronounced on-state nonlinearity, as shown in Figure  1 e. 
A large non-linearity ratio  I ( V  read )/ I ( V  read /2) of ∼280 can be 
obtained with a  V  read  = –6.5 V. Such an on-state non-linearity is 
highly desirable for suppressing the sneak path problem in pas-
sive crossbar arrays, [ 25,28 ]  and obtaining a non-linear RRAM cell 
with either intrinsic non-linear characteristics or with serially-
connected selector devices have now become a major research 
direction. [ 4,29,30 ]  The integrated graphene/oxide RRAM struc-
ture with intrinsic non-linear switching characteristics thus 
offers an interesting option for not only fl exible/transparent 
electronic applications but also high-performance RRAM appli-
cations in general. Similar results can be obtained in 54 devices 
from 3 batches, and the device yield was ∼60%. 

 The non-linear on-state behavior cannot be simply explained 
by the reversal of the device layout, nor is the non-linear on-state 
behavior intrinsic to the Ta 2 O 5– x  /TaO  y   bilayer switching stack. 
Studies on such devices with metal electrodes have consistently 
reported only linear on-states. [ 8,25,31 ]  However, reversal of the 
Ta 2 O 5– x   and TaO  y   deposition sequence means the graphene BE 
will be exposed to fundamentally different environments – an 
inert Ar environment if the Ta 2 O 5– x   fi lm is deposited fi rst and 
an oxygen plasma if the TaO  y   fi lm is deposited fi rst. It is likely 
that in the latter case during reactive sputtering of the TaO  y   fi lm 
the graphene BE is oxidized (functionalized) as it was heated 
(400 °C) and subjected to an oxidative Ar/O 2  plasma. Conse-
quently, the non-linear behavior in the MLG/Ta 2 O 5– x  /TaO  y  /MLG 
devices likely originates from the functionalized graphene BE. 

 To test this hypothesis, we measured the properties of the 
graphene BEs of the devices between two different bottom 
pads B1 and B2 (see Figure  1 a).  Figures    2  a,b show the current–
voltage ( I – V ) characteristics of the graphene BE after the MLG/
Ta 2 O 5– x  /TaO  y  /MLG device fabrication, revealing a pronounced 
volatile threshold switching behavior in both positive and nega-
tive directions. That is, the device is switched to a low resistance 
state (LRS) when a suffi ciently large voltage above a threshold 
( V  th ) is applied at either bias polarity, as exemplifi ed in Figure  2 b. 
However the resistance change is volatile and the LRS can only 
be maintained when a voltage above the hold voltage ( V  h ) is 
applied, and the device will return to the original high resist-
ance state (HRS) when the voltage drops below  V  h . Similar 
threshold switching behavior can be observed on both sides 
of the bias polarity, consistent with the expectations from the 
symmetric test structure consisting of just the graphene BE. In 
addition, the resistance of the graphene BE prior to switching is 
also signifi cantly increased compared to the pristine graphene 
case (e.g. ∼20 kΩ vs. ∼2 kΩ). In contrast, the graphene elec-
trodes without functionalization (e.g. T1–T2 or B1–B2 prior to 
oxide deposition) exhibits typical Ohmic conduction expected 
from pristine graphene electrodes, as shown in Figure  2 c. 
Additionally, Ohmic conduction was observed in the BE test 
structures in MLG/TaO  y  /Ta 2 O 5– x  /MLG devices even after 
oxide deposition (Figure  2 d), without any threshold switching 
behavior. These results are consistent with the hypothesis 
of spontaneous functionalization (oxidation) of graphene 
during reactive TaO  y   deposition for the MLG/Ta 2 O 5– x  /TaO  y  /
MLG devices. The spontaneous functionalization has largely 
modifi ed the physical/chemical property of the graphene BEs, 
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 Figure 1.    Ta 2 O 5– x  /TaO  y   bilayer RRAM devices with graphene electrodes. (a) Schematic illustration of the fabrication process. (b) Optical graph of the 
glass substrate after MLG was transferred. (c) Optical graph of the glass chip after device fabrication. (d) Bipolar resistive switching characteristics 
of a MLG/TaO  y  /Ta 2 O 5– x  /MLG (top to bottom) device, showing linear on-state characteristics. (e) Bipolar resistive switching characteristics of a MLG/
Ta 2 O 5– x  /TaO  y  /MLG device, showing signifi cant on-state nonlinearity. (f) Schematic of the equivalent 1S1R structure formed in the MLG/Ta 2 O 5– x  /TaO  y  /
MLG devices with an intrinsic selector element provided by the graphene electrode.
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enabling an unexpected threshold switching behavior in the 
graphene BE.  

 Analogous to threshold switches [ 23,32 ]  or IMT switches [ 22 ]  that 
may be utilized as selector elements of RRAM, the graphene 
BEs with the pronounced threshold switching characteristics 
can effectively serve as a selector element in the MLG/Ta 2 O 5– x  /
TaO  y  /MLG system, therefore forming a 1 selector – 1 resistor 
(1S1R) structure along with the memory component and dis-
playing the nonlinear  I – V  characteristics (Figure  1 e). Notably 
since the selector element intrinsically resides in the atomically 
thin functionalized graphene BE and no additional fi lms or 
device stacks are required, this 1S1R structure is highly com-
pact, as schematically shown in Figure  1 f. The ability to provide 
an intrinsic selector element, in combination with other unique 
properties offered by graphene, makes graphene an attractive 
material for RRAM devices. 

 Threshold switching components, e.g. the functionalized 
graphene BE in MLG/Ta 2 O 5– x  /TaO  y  /MLG devices are prom-
ising candidates for selector elements, as the current is strongly 
suppressed at low bias conditions. Threshold switching is 
normally believed to be driven by electronic processes (e.g. 
electron trapping) which lead to volatile switching [ 33 ]  vs. non-
volatile memory switching which involves the redistribution of 
ions. [ 2,13 ]  Other threshold switching behaviors have been found 
to be caused by temperature changes due to Joule heating. [ 22,34 ]  
For the case of functionalized graphene, theoretical calcula-
tions suggest that the interaction between oxygen and graphene 
mainly involves two effects: physisorption and chemisorption/
oxidation. [ 18 ]  Since physisorbed oxygen molecules were found 
to result in upshift of the Dirac point and  p -doping which will 

lead to decreased resistance, [ 35,36 ]  the observed increase in gra-
phene BE resistance and the associated non-Ohmic behavior 
suggest that they must be from chemical origins. 

 In the case of chemisorption/oxidation, a  sp  3  chemical 
derivative of graphene is obtained with a high sheet resistance 
that can reach the MΩ–GΩ regime if the graphene sheet is 
fully oxidized. [ 36 ]  In the present case, however, the resistance 
of the graphene BE was only increased by a factor of ∼10 after 
device fabrication, to ∼20 kΩ (supplementary Figure S2). It 
hence suggests the graphene BE in MLG/Ta 2 O 5– x  /TaO  y  /MLG 
devices was only partially oxidized, that is, a certain concen-
tration of epoxide groups were grafted onto the basal plane of 
the graphene sheet, [ 18 ]  as schematically illustrated in  Figure    3  a. 
Indeed, recent theoretical and experimental studies on gra-
phene fi lms subjected to ozone treatments show similar transi-
tion to an insulator behavior when only a fraction of graphene 
is functionalized with epoxide groups. [ 18,36 ]   

 This hypothesis was verifi ed by Raman spectroscopy on the 
functionalized graphene sample, as shown in Figure  3 b. Gen-
erally speaking, in Raman spectra of carbon based materials, 
the main features are the G peak corresponding to optical E 2g  
phonons, the D peak caused by defect-activated breathing-like 
modes, and the 2D peak as overtone of the D peak, with loca-
tions around 1600, 1300, and 2650 cm −1 , respectively. [ 17,37,38 ]  
The intensity of the D peak thus provides a convenient 
measure for the amount of disorder in graphene. [ 37,38 ]  Com-
pared with pristine graphene, the largely increased D peak 
intensity in functionalized graphene (Figure  3 b) is in agree-
ment with the increased amount of disorder/defects caused 
by  sp  3  bonding (epoxide groups). The decrease of the 2D peak 
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 Figure 2.    Threshold switching characteristics in functionalized graphene electrode. (a, b) Threshold switching behavior in negative (a) and positive 
(b) voltage regions measured from a graphene BE (B1–B2) in a MLG/Ta 2 O 5– x  /TaO  y  /MLG device. (c)  I – V  characteristics of a graphene electrode without 
functionalization. (d)  I – V  characteristics measured from a graphene BE (B1–B2) in a MLG/TaO  y  /Ta 2 O 5– x  /MLG device. (e, f) The threshold voltage and 
hold voltage  V  th  (e) and  V  h  (f) for the functionalized graphene BE as a function of temperature.
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intensity relative to the G peak and the onset of a combina-
tion mode D + D′ around 2900 cm −1  are also consistent with 
those observed in hydrogenated graphene with similar  sp  3  
hybridizations. [ 17 ]  

 The conduction mechanism of the functionalized graphene 
BE in the HRS regime was further examined through tem-
perature dependent studies ( Figure    4  ). Figure  4 a shows the 
read current of the HRS state of the functionalized graphene 
BE as a function of temperature ( I – T ), revealing a monotoni-
cally increasing trend of current as temperature increases. 
Such behavior is consistent with a thermal activation trans-
port process and contrasts with the metallic behavior of pris-
tine graphene electrodes. By fi tting the  I – T  data in Figure  4 a 
with different models, the best fi tting in Figure  4 d reveals a 
linear relationship between ln  I  and  T  −1/3 , suggesting variable 
range hopping (VRH) as a plausible charge-transport mecha-
nism in the partially oxidized graphene (also see supplemen-
tary Figure S3). [ 39 ]  In general, VRH is fulfi lled by consecutive 
inelastic tunneling processes between localized states and is 

usually observed in disordered systems, including carbon-
based materials with high levels of disorder such as amorphous 
carbon, [ 40 ]  partially reduced graphene oxide [ 41 ]  and hydrogen-
ated graphene. [ 17 ]  The VRH conduction process is consistent 
with the increased disorder observed from Raman studies in 
that the partial oxidation has modifi ed graphene from a highly 
ordered crystalline state to a disordered state with increased 
amount of defects. Based on these observations, we suggest 
charge transport in partially oxidized graphene BE consists of 
electron hopping between the intact graphene regions sepa-
rated by the  sp  3  hybridized regions. The temperature-dependent 
characteristics of VRH can be described as

    
= −⎛

⎝⎜
⎞
⎠⎟exp0

0

1
+1

I I
T

T

d

  
(1)

 

 where  d  is the dimensionality of the sample. [ 39 ]  The linear rela-
tionship between ln  I  and  T  −1/3  in Figure  4 d is thus consistent 
with the 2D structure of graphene ( d  = 2).  

 In stark contrast to the behavior of the HRS, the temperature 
dependence of the LRS of the same functionalized graphene BE 
after threshold switching shows a metallic behavior (Figure  4 b), 
i.e. the current decreases as the temperature is increased in the 
LRS. A read voltage above  V  th  was adopted in this case to main-
tain the device in LRS during the measurement. Additionally, 
characterizations of graphene BEs before any oxide deposition 
also show metallic behavior expected from pristine graphene 
(Figure  4 c) and confi rm that the VRH in functionalized gra-
phene is indeed a result of partial oxidation. 

 Based on these analyses, we hypothesize that the threshold 
switching behavior observed in functionalized graphene is 
driven by the nonequilibrium population of high-mobility 
shallow traps at high electric fi elds, with the defects introduced 
during graphene oxidation. The existence of such defects was 
verifi ed by the Raman results (Figure  3 b) and the appearance 
of VRH conduction in HRS (Figure  4 a,d). Similar switching 
behavior has been analytically modeled based on trap-limited 
conduction [ 33 ]  and experimentally observed in other disor-
dered oxide [ 42–45 ]  or chalcogenide [ 33 ]  systems. Therefore, the 
threshold switching behavior in functionalized graphene can be 
explained as follows. The epoxide groups in the functionalized 
graphene electrode act as deep-level traps for conduction elec-
trons, leading to a VRH with low conductance. At suffi ciently 
high voltages, the high-energy electrons will be able to access 
higher-level shallow traps, resulting in a dramatic increase in 
conductivity and current, corresponding to the switching from 
the HRS to the LRS. [ 33 ]  Similar process takes place in either 
voltage polarity so the switching is unipolar. Figure  2 e,f shows 
 V  th  and  V  h  as a function of temperature, where relatively small 
changes can be observed across a temperature range of ∼120 K. 
This weak  T -dependence in threshold voltage is a signature of 
electronic process such as charge hopping between traps which 
is mainly fi eld-driven, [ 46 ]  further supporting the above interpre-
tation. The volatile nature of electron trapping/detrapping in 
the functionalized graphene BE and the nonvolatile nature of 
V O s-migration induced bipolar switching in the tantalum oxide 
layers lead to the formation of a 1S1R structure (Figure  1 f), 
resulting in the overall  I – V  characteristics of MLG/Ta 2 O 5– x  /
TaO  y  /MLG devices with highly nonlinear on state. 
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 Additional control experiments were performed to show 
that partially oxidized graphene electrodes can indeed exhibit 
volatile threshold switching. The experiments were carried 
out by directly annealing the graphene electrodes in a con-
trolled O 2  environment at different temperatures. As shown in 
 Figure    5  a, when the annealing temperature was incrementally 
increased, the resistance of the graphene electrodes was fi rst 
decreased (300–500 °C), suggestive of dominant  p -type doping 
effect due to physisorption at relatively low temperatures. [ 36 ]  

When the annealing temperature was increased further, 
signifi cant increase in resistance was observed instead 
(600 °C), implying graphene oxidation has become the domi-
nant effect. [ 36 ]  The higher temperature required to oxidize 
graphene during annealing is due to the less oxidative environ-
ment compared with the oxygen plasma during reactive sput-
tering. Notably, clear resistive switching was also observed in 
the control devices that were annealed at 600 °C in oxygen 
(Figure  5 a). Other factors such as metal pad oxidation as the 
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origin of resistive switching were safely excluded (supplemen-
tary Figure S4). Furthermore, the most pronounced change in 
Raman spectrum, i.e. the increased D peak intensity implying 
high degree of disorder, was also reproduced in the annealed 
graphene samples (Figure  5 b). These results confi rm that the 
switching behavior of the functionalized graphene electrodes 
in MLG/Ta 2 O 5– x  /TaO  y  /MLG devices was indeed induced by the 
oxidation of graphene.  

 It should be noted that the functionalized graphene elec-
trodes showed clearly volatile threshold switching behavior 
(e.g. Figure  2 a,b), while the annealed graphene samples offered 
some level of retention (Figure  5 a). Figure  5 c plots the reten-
tion behavior of the annealed graphene samples, where short 
retention times of ∼ minutes were typically observed with some 
devices showing much shorter retention time ∼ seconds. The 
stepwise variations in Figure  5 c on top of the overall current 
decay could be explained by the stochastic change in the con-
duction path due to persistent trapping and detrapping of elec-
trons leading to the rearrangement of the network composed 
of occupied traps. [ 47,48 ]  Such behaviors have been successfully 
modeled for percolation networks with competing defect gen-
eration and defect recovery mechanisms, [ 48,49 ]  again supporting 
electron trapping as the mechanism of the observed switching 
effect in oxidized graphene electrodes. The difference in reten-
tion time between the functionalized graphene electrodes in 
the MLG/Ta 2 O 5– x  /TaO  y  /MLG devices and the annealed gra-
phene samples may be explained by the different interfaces in 
the two types of devices, as the TaO  y   layer passivating the gra-
phene fi lm could change the energy profi le of the electron traps 
and make it easier for the trapped electrons to escape in the 
MLG/Ta 2 O 5– x  /TaO  y  /MLG devices. 

 In summary, we demonstrated oxide-based resistive memory 
devices with graphene electrodes that offer an internal selector 
element. The spontaneous functionalization of graphene 
during device fabrication results in volatile threshold switching 
in the functionalized graphene electrode and contributes to the 
overall highly nonlinear on-state characteristics of the resis-
tive memory. The successful integration of the selector and 
the memory components with graphene electrodes offers an 
attractive option for stackable 3D RRAM integrations and fl ex-
ible electronics. The fi ndings of spontaneous oxidation of gra-
phene and related resistive switching characteristics will also 
enrich understanding on electrical transport of graphene and 
graphene derivatives.   

 Experimental Section 
  Graphene transfer : Single layer graphene fi lms was grown on copper 

foils by CVD. The fi lms were then coated with PMMA resist (Microchem) 
and left in iron (III) nitrate (Sigma Aldrich) solution (0.05 g/ml) for 
12 hours to completely dissolve the copper foil. The PMMA/graphene 
stack was then transferred onto a glass substrate, and the PMMA 
coating was subsequently removed with acetone, followed by thorough 
rinsing with deionized (DI) water. The process was repeated several 
times to obtain multiple layers of graphene. The property of the pristine 
graphene and functionalized graphene sheets were characterized by 
Raman spectroscopy (633 nm, Renishaw inVia Raman Microscope). 

  Electrical measurements : The electrical measurements in this work 
were conducted using a customized measurement setup in combination 

with a temperature-variable probe station (Desert Cryogenics TTP4). 
The bilayer RRAM devices with graphene electrodes were measured in 
air ambient with the bottom electrode grounded, while the temperature-
dependence characterizations and measurements on annealed graphene 
samples were performed in vacuum.  
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