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Abstract 

Flexible electronic devices have generated large research interest in recent years. Herein, we 

demonstrate a resistive random access memory (ReRAM) device fabricated on a flexible 

polyethylene terepthalate (PET) substrate using a bilayer of graphene oxide (GO) and HfOx films.   

The physical properties of GO and HfOx were characterized by a number of techniques such as x-

ray diffraction (XRD), UV-vis absorption spectroscopy, scanning electron microscopy (SEM) and 

x-ray photoelectron spectroscopy (XPS). The GO/HfOx bilayered ReRAM devices exhibited good 

switching behavior at low SET/RESET voltages and showed improved cell-to-cell uniformity of 

switching parameters compared to the devices without HfOx layer, due to the oxygen vacancies 

within the HfOx film as confirmed by XPS. The switching mechanism was explained by the 

formation/rupture of the conductive filament through the migration-induced oxidation/reduction 

reaction of the oxygen vacancies at the interface of GO/HfOx. From the I-V curve fitting, the 

conduction in low resistance state (LRS) was found to be governed by the Ohmic mechanism and 

the trap-controlled space charge limited current (SCLC) in high resistance state (HRS) was 

observed for both the cycles. 
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1  Introduction 

      In recent years, there has been an aggressive demand of flexible electronics in electronics 

industry for wearable and portable applications [1-3]. For data processing and information storage 

applications, development of flexible non-volatile memory (NVM) is desirable [2].  The 

conventional flash memory which is based on metal-oxide-semiconductor field effect transistor 

(MOSFET) is difficult to be integrated into flexible substrates due to the severely degraded gate 

oxide quality at low temperature growth processes [2], [4]. Among the emerging memory 

technologies, resistive random access memory (ReRAM) which works on the change of resistance 

by an external electrical stimuli has the potential for next generation NVM application due to its 

simple Metal-Insulator-Metal (MIM) structure, high packaging density, high scalability, etc. [4-

7]. Moreover, ReRAM fabricated at a low temperature exhibits good performance [8-10] which 

has attracted a great deal of attention as one of the key elements to flexible electronics. 

The resistive switching effect has been explored in various materials including transitional 

metal oxides (TMO) [11-13], perovskite oxides [14], organic materials [15] and carbon based 

materials [16-19]. Among carbon based materials, graphene and its derivatives graphene oxide 

(GO), reduced graphene oxide (rGO) are the materials of great interest for their many interesting 

properties including excellent flexibility for memories and sensors applications [19-21]. GO and 

its composites with organic dielectrics are attractive material for flexible ReRAM because of low 

temperature growth process [18], [20]. Although the performance of these devices is rather limited 

till date, the findings suggest a huge potential for improvement through optimization of process 

parameters as well as by suitable material selection. On the other hand, among the TMOs, HfO2 is 

well-recognized as one of the most stable and reliable TMOs for numerous electronics applications 

including ReRAM applications [22-25]. A very promising approach to improve the device 

performance could be to combine the advantages of both GO and HfO2 [26]. 



 In view of the above, here we have reported the improved resistive switching performance 

of the flexible ReRAM using GO/HfOx bilayer on  an indium tin oxide (ITO) coated polyethylene 

terephthalate (PET) film. The synthesized material was characterized using electron microscopy, 

X-ray diffraction (XRD), UV-Vis absorption spectroscopy, X-ray photoelectron spectroscopy 

(XPS) and Raman spectroscopy whereas the resistive switching performance  were characterized 

by current-voltage (I-V) characteristic. Switching mechanism of the device was explained in terms 

of migration of oxygen vacancies.  

2  Experiment 

2.1  Materials 

Natural graphite flakes were procured from Kai Yu Industries, Nanjing, China. NaNO3 (≥ 99.5%), 

KMnO4 (min 99%) and H2SO4 (95 – 99%), H2O2 (30%) were procured from Merck, India. 

2.2  GO Synthesis 

GO was synthesized following a modified Hummers’ method [27] in which expandable graphite 

flakes and NaNO3 were first added into concentrated (98%) H2SO4 in an ice bath under stirring 

followed by addition of KMnO4. H2O2 was finally added to reduce any residual permanganate and 

manganese dioxide to colorless and water soluble manganese sulphate. Dried GO in powder form 

was collected from the golden brownish solution by repeated washing and centrifugation until pH 

neutral. A solution (0.1 mg/ml) was prepared by dissolving GO in a solution of water and ethanol 

(1:1). 

 

2.3  Device Fabrication 

To fabricate the ReRAM devices, the 130 nm thick ITO coated flexible PET substrate (~127 µm) 

was first cleaned ultrasonically in acetone, 2-propanol and deionized water. Two sets of devices 



Al/GO/ITO/PET (D1) and Al/GO/HfOx/ITO/PET (D2) were fabricated at room temperature to 

compare the effect of HfOx on the switching performance. To prepare the Al/GO/ITO/PET 

devices, 50 µL of GO solution (0.1 mg/ml) was deposited on the ITO coated PET surface using a 

spin coater run at 2000 r.p.m (after a particular wetting time of 45 s). For Al/GO/HfOx/ITO/PET 

devices, prior to deposition of the GO film (110 nm), a thin layer of HfOx of 22 nm was deposited 

on the ITO coated PET substrate by DC sputtering of Hf metallic target (purity – 99.99%) at room 

temperature in an Ar and O2 mixed environment with flow ratio of 1:1 while the working pressure 

in the sputter chamber was maintained at 0.024 mbar. Finally, Al metal dots of diameter in the 

range of 200-2000 µm were deposited using a hard shadow mask to fabricate the Al/GO/ITO/PET 

and Al/GO/HfOx/ITO/PET devices as mentioned in the Table I. The schematic of the final 

fabricated devices is depicted in Fig. 1.  

2.4  Characterization of materials and devices 

The thickness of the HfOx layers was calibrated by spectroscopic ellipsometry measurement of 

control sample deposited on Si substrate, using an ellipsometer (J. A. Wollam VASE). The surface 

morphology of GO film and its thickness on the devices were determined by electron microscopy 

using a Field Emission Scanning Electron Microscope (FESEM) operated at 5 kV accelerating 

voltage (Zeiss Sigma).  

UV-Visible absorption spectrum of GO was recorded in water using a JASCO 750 

spectrophotometer. Raman spectrum was recorded by a Raman Spectrometer (LabRAM HR Jobin 

Yvon) with 532 nm laser and was calibrated using the position of the Si peak at 520 cm-1 (not 

shown here). It confirmed the graphitic structure due to presence of the G band at 1598 cm-1 [27], 

[28]. XPS of GO film was performed using a hemispherical analyser (PSP Vacuum Technology, 

TX400) using Al Kα source (1486.6 eV) at normal emission. The spectrometer was calibrated 



using the Ag 3d5/2 photoelectron line at a binding energy (BE) of 368.27 eV with a full width at 

half maximum (FWHM) of 0.8 eV. The binding energies were corrected by setting the position of 

the C1s peak originating from graphitic carbon at 284.6 eV in accordance with established 

literature [27], [29]. The XPS data were analysed using CasaXPS software, the peaks were fitted 

with Gaussian/Lorentzian line shapes and the background was fitted with a Shirley type 

background subtraction. The atomic ratios have been calculated via XPS measurements by 

evaluating the area under peak curve values and taking into account the respective sensitivity 

factors [30]. The electrical measurement of the fabricated devices was carried out using a Keysight 

B2912A source measure unit. The voltages were applied on the top electrode (Al), while the 

bottom electrode (ITO) was grounded during the electrical measurements. 

3  Result and discussion 

3.1 Material characterization 

Fig 2 (a) shows a sharp peak corresponding to (002) diffraction planes of GO at 2q angle 9.44°  

which is in accordance with an interlayer spacing of 9.36Å and  comparable with other reported 

data [31], [32]. This increase in d-spacing of GO planes compared to that of graphite (3.34 Å) is 

due to creation of oxygen containing functional groups on graphitic layers that push them away 

from each other [33]. Fig 2(b) shows the FESEM micrograph of GO powder pressed on a carbon 

tape in which one can clearly see thin sheet like structures of GO several microns in size and 

possibly consisting of a few layers. The UV-Visible absorbance spectrum of GO shows a strong 

absorption at 304 nm (Fig. 2(c)), which indicates the π-π* transition of the atomic C-C bonds 

whereas the weaker shoulder peak at 304 nm originates from the n-π* transition of atomic C-C 

bonds [31], [34]. Since it is important for an active switching material to exhibit property of 

insulator at unbiased condition, the band gap of GO was measured using the absorbance data by 



Tauc method [35], [36]. Considering that GO exhibits direct allowed transition of electrons across 

its band gap, the band gap of GO was determined from the intercept of the Tauc plot on the X axis 

and was found to be 4.2 eV as shown in Fig. 2(d) which is close to the values reported for GO by 

other groups [31], [37], [38]. 

The C 1s XPS spectrum is shown in Fig. 3(a) in which it is clear that the C atoms are bound 

with different oxygen functional groups. The BE peaks attributed to the C of C-O bonds, C=O 

(Carbonyl) bonds and -COOH (carboxyl) bonds at 286.54 eV, 288.80 eV and 290.97 eV 

respectively [39]. The intensity ratios of the C-C and C-O components of the C 1s are in 

accordance with established literatures [40], [41].  XPS was also used to estimate the energy band 

gap of the GO film by measuring the difference between the positions of the O1s peak from O1s 

spectrum and the X-axis intercept of a line obtained by extrapolating the linear fit of the onset of 

the inelastic losses on the lower binding energy side of the main O1s peak (Fig. 3b) in accordance 

with established literature [42]. Interestingly, the band gap was found to be 4.21 eV in very good 

agreement with that obtained from UV-absorbance data. Oxygen to carbon ratio (O: C) ratio was 

found to be 68.52 %. Since, in the literature, there is a strong dependence of the band gap of GO 

on the relative atomic percentage of oxygen to carbon, we have estimated this value for our GO 

film to be 68.52 % by quantitative measurement of the XPS survey spectrum. After plotting our 

experimental data along with the previously reported data [43-45] we have found a linear curve as 

shown in Fig. 3(c). This experimental data will be helpful to model degree of oxidation of GO 

from the band gap value. The 22 nm  HfOx film was deposited on the ITO coated PET flexible 

substrate at room temperature, to check the oxidation state HfOx using XPS. The Hf 4f core level 

spectrum was fitted with a spin orbit doublet with splitting of 1.52 eV with an intensity ratio of 



(Hf 4f7/2: Hf 4f5/2) is 0.75 as expected. The Hf 4f7/2 CL for has a binding energy of 16.30 eV, which 

is attributed to nonstoichiometric/oxygen deficient HfO2-x [46], [47]. 

3.2  Resistive Switching Characterization 
 

The current vs. voltage (I–V) characteristics of Al/GO/ITO/PET (D1) and Al/GO/HfOx/ITO/PET 

(D2) devices of diameter 200 µm are shown in Fig. 4. The electrical characterization of devices 

was carried out by sweeping a continuous voltage of 0àVmaxà0à-Vmaxà0. At certain voltages 

(1.24 V for D1 and 0.90 V for D2), the current increases suddenly and the devices switch from 

HRS to LRS and a conductive filament was formed. This phenomenon is known as SET process 

and the device attains the ON state. Even after the removal of the voltage the devices remains in 

LRS confirming the non-volatility of the devices. When the opposite polarity of the voltage is 

applied to the devices, the devices switch back from LRS to HRS at -4.06 V and -2.72 V for D1 

and D2, respectively through the rupture of the filament. This is known as RESET process, and 

the devices attain the OFF state. Both the devices show bipolar resistive switching (BRS) behavior. 

In general, it has also been observed that a higher voltage as compared to SET/RESET voltages is 

required to the pristine devices to initiate the switching cycle [47]. Here, no initial separate 

electroforming process is required to initiate the switching cycle which could have been 

advantageous for low power applications. Similar BRS behavior was previously observed in GO-

polyvinylidene difluoride (PVDF) based switching and was attributed to the formation and rupture 

of oxygen vacancy modulated conduction filament [48]. 

        Fig. 5 presents box plots distribution of cell-to-cell variation of the SET and RESET voltages 

(VSET and VRESET) and the HRS and LRS currents measured at 0.2 V (IHRS and ILRS) for D1 and 

D2 devices, respectively. The mean VSET/VRESET voltages are found to be 1.5 V and -4.2 V for D1 



devices whereas the mean VSET/VRESET voltages are 1.1 V and –2.8 V for D2 devices. The large 

variation RESET and HRS current has been observed in Al/GO/ITO/PET (D1) devices mainly due 

of varied filament dimensions and random rupture process of conductive filament in the GO 

switching layer [20]. However, the Al/GO/HfOx/ITO/PET (D2) devices show an improved cell-

to-cell variation of SET and RESET voltages as compared to Al/GO/ITO/PET (D1) devices as 

depicted in Fig. 5(a). The SET/RESET voltages have also significantly been reduced by 

incorporating a thin HfOx layer in Al/GO/HfOx/ITO/PET devices. Similarly, there is a significant 

reduction of cell-to-cell variation of HRS current in Al/GO/HfOx/ITO/PET devices, as shown in 

Fig. 5(b). The higher value of current/resistance ratio between HRS and LRS is observed for D2 

bilayer devices with the mean value of 2167. The uniform SET/RESET voltages and higher 

current/resistance ratio in Al/GO/HfOx/ITO/PET may be attributed to increasing the oxygen 

vacancies at GO/HfOx interface [49]. The interfacial HfOx acts a reservoir of oxygen vacancies as 

observed in XPS analysis which result in the formation of uniform conductive filament in the GO 

layer [50].  

Moreover, an elaborate analysis of current voltage relationship of both Al/GO/ITO/PET 

(D1) and Al/GO/HfOx/ITO/PET (D2) ReRAM devices is carried out to find out the conduction 

mechanism. The I-V curves are replotted in double logarithmic scale for both D1 and D2 as shown 

in Fig. 6. It clearly exhibits that LRS is dominated by Ohmic conduction behavior for both D1 and 

D2 devices with slope ~ 1. The Ohmic behaviour in the LRS state has usually been attributed to 

the formation of conductive filaments in switching oxide layers during the SET process [18], [21], 

[51]. However, the conduction mechanism in HRS is much more complicated. The fitted results 

of I-V curves for HRS in SET cycle consists of an Ohmic region (IµV) with slope ~ 1 and Child’s 

law region (IµV2) with slope 1.8 and 2.1 for D1 and D2, respectively. This conduction mechanism 



can be explained in terms of trap-controlled space charge limited conduction (SCLC) [10], [18], 

[21], [51-53], where oxygen vacancies present in the GO single layer or GO/HfOx bilayer act as 

traps for the electrons. Similarly, fitted I-V curves for the negative RESET cycle, LRS follows the 

Ohmic behaviour and the HRS follows the trap controlled SCLC mechanism. 

According to the above experimental results, the possible switching mechanism in the 

bilayer Al/GO/HfOx/ITO/PET ReRAM can be explained by the oxygen vacancies migration-

induced oxidation/reduction reaction at the interface of GO/HfOx, as schematically shown in Fig. 

7. When a positive voltage is applied at Al top electrode, the oxygen ion (O2-) ions move upwards 

leaving the oxygen vacancies in GO layer and the bottom HfOx also acts a source of oxygen 

vacancies. In addition, the top electrode Al as an oxygen scavenging layer may enhance the oxygen 

vacancies in the GO layer [54]. These vacancies form an oxygen deficient filament which is 

conducting in nature and the device switches from the HRS to the LRS. When negative bias voltage 

is applied on the top electrode, oxygen ions migrate towards the bottom electrode and recombine 

with oxygen vacancies in HfOx layer by Joule heating generated in LRS, leading to the disruption 

of the conductive filament and the device switches from LRS to HRS.  As the HfOx provides more 

oxygen vacancies, it may act as a virtual cathode to assist the formation of the uniform conductive 

path at lower SET voltage as compared to the Al/GO/ITO/PET devices. The RESET process is 

described as a field and Joule heating assisted diffusion process of oxygen ions and vacancies, 

leading to the rupture of the conducting filament [55]. As the LRS current is higher in 

Al/GO/HfOx/ITO/PET devices as observed earlier, the higher Joule heating will trigger the ionic 

migration more to rupture the conductive filament at lower RESET voltage as compared to the 

Al/GO/ITO/PET devices. 



Fig. 8(a) shows the retention characteristics of Al/GO/HfOx/ITO/PET flexible ReRAM 

device at room temperature. There is no degradation of resistance ratio between LRS and HRS till 

103 s at room temperature. The excellent retention of the Al/GO/HfOx/ITO/PET device is attributed 

to the presence of more oxygen vacancies in the GO layer assisted by the bottom HfOx layer [50]. 

The resistive switching behaviour of Al/GO/HfOx/ITO/PET ReRAM has been measured under the 

different bending radii for flexible application. Fig 8 (b) shows the variation of LRS and HRS 

resistances measured at 0.2V as a function of bending radii. There is a slightly decreasing tendency 

of RLRS/HRS resistance values at the bending radius down to 5 mm from flat (15 mm) condition, 

indicating a stable and sufficient LRS/HRS ratio of the GO/HfOx flexible memory device. The 

decrease of the memory window may be due to the cracks developed in the ITO bottom electrode 

under extremely flexed condition [10], [26]. 

Table II enlists some of the recently reported flexible GO-Based ReRAMs with organic, 

inorganic, and perovskite active layers and associated parameters such as switching voltages, 

switching currents, switching power and memory window. In this study, the switching power is 

determined at the switching point where the devices change their state from HRS to LRS and vice-

versa. The present Al/GO/HfOx/ITO/PET device shows lower switching voltages and higher 

resistance ratio with minimum cell to cell variation.  

 

 

 

4  Conclusion 

In this work, the improved resistive switching characteristics have been observed in 

Al/GO/HfOx/ITO/PET flexible ReRAM devices by incorporating a thin HfOx layer. With the help 



of FESEM, UV-Spectroscopy, XRD and XPS material properties of the graphene oxide and HfOx 

films are investigated. The presence of different oxygen functional group (carboxyl group, 

carbonyl group) is confirmed by XPS analysis.  The band gap of GO is found to be 4.21 eV with 

O:C ratio of 68.52%. The ReRAM devices exhibit the forming free, bipolar resistive switching 

characteristics. The existence of HfOx layer may enhance the control of the O-deficiency level in 

the GO layer which shows the stable, uniform and improved bipolar resistive switching behavior. 

The devices show excellent resistive switching properties at room temperature with sufficient 

memory window >103, high retention and low operating voltages. Investigation of conduction 

mechanisms of HRS and LRS confirms that bipolar resistive switching in HRS and LRS is 

dominated by SCLC mechanism and Ohmic, respectively.  
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Figure Captions: 

Fig. 1 Schematic diagram of (a) Al/GO/ITO/PET (D1) and (b) Al/GO/HfOx/ITO/PET (D2) 

devices. 

 

Fig. 2 (a) XRD pattern of GO sample (b) FESEM image of  GO powder sample (c) UV-visible 

absorbance spectrum of GO sample  (d) Tauc plot of (αhѵ)2 against incident photon energy hѵ 



 

Fig. 3 X-ray photoelectron spectra of (a) Deconvoluted C1s of GO (b) O 1s Loss spectroscopy for 

band gap estimation (c) O/C atomic percentage versus band gap (d) Hf 4f core level for HfOx layer. 

 

Fig. 4 Current vs. voltage (I–V) characteristics of Al/GO/ITO/PET (D1) and 

Al/GO/HfOx/ITO/PET (D2) devices. The arrows in the graphs indicate the switching direction. 

 

Fig. 5 Box plot distribution of (a) SET and RESET voltages (b) LRS and HRS currents of D1 and 

D2 devices. All are read at 0.2V. 

 

Fig. 6 Double-logarithmic plot of I-V characteristics of D1 and D2 ReRAM devices for (a) positive 

and (b) negative cycle, respectively. 

 

Fig. 7 Schematic switching mechanism of Al/GO/HfOx/ITO/PET ReRAM under (a) positive bias 

and (b) negative bias. 

 

Fig. 8  (a) The retention characteristics of the HRS and the LRS at room temperature with the 

On/Off ratio up to 103 s. (b) The variation of LRS and HRS resistance as function of bending radii 

of the Al/GO/HfOx/ITO/PET flexible ReRAM 
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Table Caption: 
Table 1 List of Fabricated devices in this study. 

Device name Device Structure Active layer Thickness 

D1 Al/GO/ITO/PET GO (~ 110nm) 

D2 Al/GO/HfOx/ITO/PET GO (~110nm)/HfOx(22nm) 

 

 
 

 
 

Dielectric 
layer 

 
 

Top 
Electrode 

 
 

Bottom 
Electrode 

 

Substrate 

 

VSET/VRESET 

 
 

ISET and IRESET 

 

 

PSET/PRESET 

 

Memory 
Window 

 

Ref. 

GO/HfOx   Al ITO PET 1.1V / -2.8V ~ 3×10-3 A/3×10-3 
A 

3.3mW/ 
8.4mW 

2167 This 
Work 

GO Al ITO PET 2.2V / -3.5V 10-3A / 2×10-3A 2.2mW/ 
7mW 

280 [18] 

GO Al Al PES –2.5V / 2.5V 2×10-5A / 9×10-6A 50µW/ 
22.5 µW 

>100 [20] 

RGO Al ITO PET -5.6V / 3.9V ~10-5 A 56 µW/ 
39µW 

>102 [21] 

GO/TiO2 Ti/Pt Ti/Pt PEN -3.2V / 3.3V ~ 8×10-3 A ~26mW ~100 [26] 

CMC-GO Al Al PET 2.2V / NA ~10-2 A 22mW/ 
NA 

>103 [51] 

GO:ZNs Al ITO PET 2.1V / -2V 2×10-3A / 3×10-3A 4.3mW/ 
6mW 

~100 [56] 

HfOx Ag laser-
scribed 

rGO (LSG) 

PET 1.4V / -3V ~10-4 A 0.14mW/ 
0.3mW 

~10 [57] 

GQD–hBN Ag Ag PET ~4V / -4V ~10-4 A ~0.4mW >103 [58] 

 

Table 2 Performance comparison of some recently reported GO-Based flexible RRAMs. 

 


