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Abstract
A number of two-dimensional (2D) materials have been explored for various applications, from electronic transistors 
to energy generation and storage. In this work, we explored the possibility of using reduced graphene oxide (rGO) in 
emerging two terminal memory devices using a printing technique. The fabricated memory devices were analysed using 
scanning electron microscopy, Raman spectroscopy, optical microscopy, and in-depth electrical measurements. We 
experimentally demonstrated that rGO memory devices fabricated via inkjet printing exhibit bipolar switching without 
the required electroforming step, with an on/off ratio of 3 orders of magnitude. The inkjet-printed approach allows for 
the layering of memory devices on each other, leading to an increase in information storage density.

Article highlights

•	 Reduced Graphene oxide memory devices were fabricated using an inkjet printing technology; potential to make 
3- dimensional (3D) Memory.

•	 Silver and reduced graphene oxide printed patterns are uniform, continuous and display an excellent surface cover-
age.

•	 Reduced Graphene oxide based printed devices exhibit a bipolar switching with on/off ratio of 3 order of magnitude.
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1  Introduction

Memory devices are among the most widely used and essential electronics in today’s world. Memory devices are impor-
tant components of computers, health monitors, home appliances, defence and military technologies. A memory cell is 
an electronic device that is capable to display at least two distinct electrical states when an external stimulus is applied 
[1–3]. Two terminal and three terminal are the two common structures of memory devices. A large number of materi-
als such as: transition metal oxides [4], chalcogenide [5], organic/small organic molecules [6, 7] and 2D materials were 
explored as active core of the memory cells [8–10]. Usually, researchers prefer to use a traditional/subtractive pathway 
to fabricate the organic/2D materials two terminal based memory cells by using thermal evaporation to deposit the 
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metal electrodes and spin coating to fabricate the active layer [10, 11]. From a manufacturing perspective, most of the 
traditional technologies require: heat generation in a deposition process, generation of chemical pollution, high vacuum, 
large amounts of electricity to run, wastage of a large volume of raw materials, mask required for patterning & fabrication 
of devices, and usually rigid substrates used and overall, a large carbon footprint is created. Recently, non-polluting and 
low energy consumption process are exploted in the fabrication of electronic devices with the main aim to reduce waste 
materials, energy and manufacturing costs. Printed electronics—Inkjet Printing (IJP) are emerging as an environmentally 
friendly and ecological pathway for the manufacturing of electronic devices. Reduction of wasted material, deposition 
of controlled amounts of material, digital and additive deposition, cost effectiveness, compatibility with a small to large 
area deposition are only few of the advantages of inkjet printing manufacturing [12, 13]. Due to these benefits, inkjet 
printing is currently investigated as sustainable alternative of traditional technologies for manufacturing of functional 
materials and electronic devices [8, 14, 15]. To date, inkjet printed graphene oxide-based memory cells were reported 
by Huber et al. [16]; however, these memory devices are based on spin on glass (SOG) as active core and use Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) as electrode. Futhermore, Ag/GO/ITO memristor has been 
reported by Porro and Ricciardi [9]. In this work inkjet printing has been used to fabricate only the graphene oxide active 
core and the alumium top contact has been deposited via traditional method (thermal evaporation). Recently, there 
have been few more reports on this subject [17–20]

In this work, inkjet printer technology was used to fabricate a cross bar architecture silver (Ag)/reduced (rGO)/silver (Ag) 
structure. Firstly, the viscosity, surface tension and pH of both inks (Ag and reduced GO) were investigated. Secondly, the 
Ag and rGO inks were inkjet printed and the surface coverage and uniformity of the printed pattern (multilayers) were 
assessed by optical microscopy and scanning electron microscopy (SEM). Furthermore, a full structure was fabricated 
using an additive layer manufacturing approach and the electrical characterising (i.e. current–voltage characteristic and 
memory retention time tests) were performed using a HP4140B-pico-ammeter. Raman Analysis was used to check the 
homogeneity of rGO in the films.

In the next section, we consider the methodology used to characterise the inks (Ag and rGO) and the Ag and rGO 
printed patterns, respectively. Furthermore, the fabrication and electrical characterisation of the Ag/rGO/Ag two terminal 
memory devices is covered. In Sect. 3 we discuss firstly, the rheological behaviour of Ag and rGO inks. Furthermore, the 
evaluation of the individual printed layers is provided. Yes, the protocol of printing memory cells as well as results of the 
electrical characterisation is included in this section. Finally, Sect. 4 provides the conclusions, including the limitations 
of this study and the future direction for this research.

2 � Materials and methods

The first step was to assess the physical characteristics of both the Ag and reduced rGO inks. The rGO is stabilized with 
poly (sodium 4-styrenesulfonate), 10 mg/mL, dispersion in H2O and was purchased from Sigma Aldrich. The nanoparticle 
silver (AgNPs) ink (Drycure Ag-j) is a mixture of (8–22) weight % Ag, (18–52) weight % water, (20-65) weight % glycerol 
and a small amount of alcohol. Furthermore, a non-organic (ceramic) coated paper has been used as substrate in this 
work. The paper substrate was purchased from Printed Electronics Ltd. and from here on it will be termed as “PEL paper”,”. 
Firstly, the surface tension of the inks was measured using a tensiometer (Torsion Balance) and was 35 mN/m for silver 
ink and 42 mN/m for rGraphene oxide, respectively. Furthermore, Jenway 3520-pH meter was used to test pH at 25 °C  
and was found 9 for Ag and 7.6 for rGo.

Furthermore, the rheological behaviour of both the inks was evaluated by a Bohlin, CVO 120HR rheometer.
Secondly, the wettability of both the Ag and rGO inks was assessed by measuring the contact angle (sessile drop 

method) between ink/substrate or ink/previously deposited layer (Attention Theta Optical Tensiometer, Biolin Scientific).
Printing rGO-based memory cells: Firstly, to prevent any sedimentation/agglomeration of Ag particles and rGO 

flakes both inks were sonicated for several hours before printing. Secondly, the EPSON T080X printer cartridge was 
then filled with Ag ink and a HP45 cartridge with rGO ink respectively. Ag multi-layer patterns were printed using 
an Epson Stylus P5O (a commercial desktop inkjet printer). The Epson Stylus P5O is a piezoelectric printer with the 
printhead having 90 nozzles, 65 μm nozzle diameter, 1.5 pL drop size and 360 dpi resolution. On the other hand, a 
thermal inkjet printer, ThallosJet Flatbed A3, was used to deposit rGO patterns. A HP45 printhead (Hewlett-Packard) 
with 300 nozzles, 28 μm nozzle diameter and 600 dpi resolution was used for printing of rGO patterns. A voltage 
pulse of 13 V with 2.5 µs pulse width was used to achieve a reliable printing process.
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The electrical resistance and the sheet resistance of the 5-layer inkjet-printed silver films determined by traditional 
four-point probe Kelvin technique, are 6.63 Ω.cm and 30.08 Ω/□ respectively.

In this work, two terminal memory devices with a cross bar architecture were fabricated via inkjet printing. For 
making the bottom electrode (BE), Ag (5 passes) conductive tracks were printed on the PEL paper. After printing, 
the curring of the deposited Ag conductive paths, took place at 120 °C/5 min. Then rGO active layer (10 passes) was 
printed onto Ag tracks/PEL paper and cured (80°C/20 min). Finally, brush-painting technique was used for the deposi-
tion on the the top electrode (TE) using silver ink. Brush- painting is a solution-based coating method and works by 
applying a small amount of ink on  a narrow paintbrush [21]

Furthermore, an optical microscope (LAOPHOT-2) fitted with Nikon camera DS-Fi1 and high-resolution field emis-
sion gun scanning electron microscopy (FEG SEM) LEO Gemini 1525 were used to evaluate the quality of the printed 
patterns. The Renishaw Invia Micro Raman system fitted with a 514 nm laser was used to determine the uniformity 
of deposited rGO films.

Electrical characterisation of rGO printed memory device: The electrical behaviour of the fabricated Ag/rGO/Ag 
memory cells (current–voltage (I–V) characteristics and retention time test) was evaluated in a Faraday cage at room 
temperatures using a PC-driven HP4140B pico-ammeter.

3 � Results and discussions

We proceed our study by printing and characterisation firstly the individual components of the two-terminal memory 
cells i.e. silver as electrode and reduced graphene oxide as active core. Secondly, a fully two terminal memory devices 
was fabricated and investigated. Previously, we use inkjet printing to fabricate PEDOT: PSS based memory devices 
[22] and silver was used as both the bottom and top electrode.

3.1 � The rheological behaviour of Silver and rGO inks

We initially focus on understanding the rheological behaviour of both the Ag and rGO inks. A rotational (parallel 
plate) rheometer was used to measure the viscosities as a function of the shear rate. It is  important to highlight that 
both the Ag and rGO tested inks display a shear thinning behaviour as the viscosities, at low-shear rates, decreased 
with increasing shear rate.  As shown in Fig. 1(a) the viscosity of silver ink decreases from 37 mPa∙s to 10 mPa∙s as the 
shear rate increases from 1 to 50 s−1 and then a Newtonian behaviour is displayed at high shear rates. The same trend 
was displayed by rGO ink as can been seen in Fig. 1(b). As the shear rate approaching 102 s−1, the shear viscosities 
are 10 mPa∙s (Ag ink) and 4 mPa∙s (rGo ink), respectively.

Fig. 1   Shear viscosity as a 
function of the shear rate of 
(a) Ag ink and (b) rGO ink
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3.2 � Individual silver and rGO inkjet printed patterns:

Two terminal memory cells with cross-bar type architecture based on rGO sandwiched between two Ag electrodes 
(termed Ag/rGO/Ag) were fabricated using inkjet printing. We proceed our study by firstly printing and investigat-
ing the uniformity and coverage of the individual components i.e. silver and graphene oxide printed patterns. In 
our memory cells, the silver ink is used to fabricate both the top and bottom electrodes and the reduced graphene 
oxide is used as the active core of the memory elements. The reduces graphene oxide is selected as the active core 
for memory devices as it contains a number of defects, such as oxygen vacancies. The chemistry, i.e. the carbon: 
oxygen ratio of rGO, supports resistive switching without the need for electroforming.

The uniformity and the surface coverage of three and five printed passes (3 cm × 3 cm) printed squares were char-
acterized by optical microscope and SEM. In Fig. 2, optical microscope images of silver printed layers are presented. 
As shown in the Fig. 2a, in a case of few passes (less than 4) the pattern achieved is not continuous and the coverage 
is poor. However, a better coverage was achieved when more than 5 passes of Ag ink were printed, and these results 
have not only positive impact on uniformity/coverage but as well on electrical properties of these patterns. As the 
Ag patterns are used as conductive tracks it’s essential for the continuity of the patterns to be above the percolation 
threshold. The thickness of the silver patterns, achieved by 5 passes of Ag ink, was assessed via cross-sectional SEM 
image of the pattern and was found to be in the range of 1.1 and 1.8 µm and was previously reported [22]

Furthermore, the morphology of the rGO printed patterns were evaluated with the results presented in Fig. 3. It 
is evident that a great coverage was achieved when the rGO ink was printed. Both the optical micrograph and SEM 
images display rGO patterns with great coverage when more passes were printed. The SEM image, presented in 
Fig. 3(c), highlight a uniform and continuous pattern with interconnected flakes. It should be highlighted that the 
resistive losses are minimised in this type of pattern(s).

The Raman analysis of printed rGO is depicted in Fig. 4; peak D and G were observed separately on both the 
surface and edge of the printed film. This analysis is crucial in proving the uniformity of printed rGO films. We can 
also estimate the film thickness of 10 passes of rGO using Raman mapping from Fig. 4(c) and (d). It was found to be 
around 3 μm.

3.3 � Printed fully two terminal memory devices

In two terminal memory devices, the active core is deposited between the bottom and top metal electrodes to form 
an array of memory cells. In this work, Ag ink is used to fabricate both the bottom and top electrodes, and rGO ink 
is used to create the active core. Prior to fabricating of the Ag/rGO/Ag memory cells the wettability of the: Ag ink 

Fig. 2   a Optical microscopy 
images of inkjet printed Ag 
pattern (a) 3 passes (b) 5 
passes (c) SEM images of 5 
passes

Fig. 3   Illustrates the Optical 
micrograph of inkjet printed 
rGO pattern (a) one pass (b) 
5 passes (c) SEM images of 5 
passes
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on paper substrate, rGO on Ag tracks and Ag ink on rGO pattern was evaluated. Wettability evaluation is essential 
to ensure an excellent physical contact and hence an electrical continuity between preceding layers but as well 
to prevent electrical contact (short circuit) between bottom and top electrodes. Furthermore, the wettability is 
evaluated via contact angle measurement. As can been seen in Fig. 5 the Ag ink shows a good wettability on paper 
substrate and also on rGO pattern, with measured contact angles of mean 360 and 270. Similarly, the rGO ink shows 
good wettability on the Ag track as it is observable in Fig. 5. The measured values of the contact angle (00 < contact 
angle < 900) define a partial wetting that works perfectly with cross bar structure. Yet, a higher contact angle of Ag on 
paper (defining bottom electrode) when compare with the contact angle between the Ag and rGO (top electrode) 
ensure that the short circuit between top and bottom electrode do not occur.

Figure 6 illustrates the process steps involved in the inkjet printing of the cross-bar Ag/rGO/Ag memory cells. Firstly 
(step 1), the bottom silver track is inkjet printed using an Epson Stylus P5O printer. A ceramic coated paper was selected 
as substrate in this study. To ensure conductive patterns, 5 printed passes were performed and after that the printed 
tracks were cured at 120 °C for 5 min. The second step in process of making two terminal memory devices represents the 
printing of rGO to form the active core. The rGO ink, 10 passes, was printed on the top of the Ag bottom electrodes. This 
step was completed with annealing at 800C for 20 min. Finally, (step 3), the cross-bar structure is completed by deposi-
tion by brush-painting technique of Ag top contact onto the active core.

Fig. 4   Surface and edge profile of D (1360 cm−1) and G (1580 cm−1) Raman peaks of printed rGO. Both profiles demonstrate that the distri-
bution of rGO in the memory sandwich structures is uniform

Fig. 5   a The results of contact 
angle measured via sessile 
drop analysis method; (b) 
photograph of Ag ink drop 
on PEL paper, (c) photograph 
of rGO drop on Ag track, (d) 
photograph of Ag drop on 
rGO pattern
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3.4 � Electrical characterisation of rGO memory cells

The current–voltage characteristics of the printed memory cells were first evaluated via voltage sweeping with the results 
shown in Fig. 7. Electric field is the stimulus used in this work to activate/switch the rGO memory cells. The devices were 
biased via four consecutive switching cycles, commencing from 0 V that follow the sequence positive/negative in the 
applied potential. This testing protocol was used firstly to prevent the electrical breakdown of the memory cells and sec-
ondly to identify the suitable voltage to switch the devices from high resistive state to low resistive state. In Fig. 7(a), first 
cycle, represented by the black-colour curve, the voltage follows the sequence 0 V/ + 1 V back to 0 V and then – 1 V, and 
finally back to 0 V. Furthermore, the applied voltage is gradually increased with the 2nd cycle (in red), where the voltage 

Fig. 6   Full process involved in 
the fabrication of Ag/rGO/Ag 
memory cells: middle images: 
schematic illustration of the 
fabrication flow-chart; left: 
photographs of the printed 
layers: Ag/PEL paper; rGO/Ag/
PEL paper and a full structure 
Ag/rGO/Ag/PEL paper; Right: 
micrographs of the printed 
Ag/PEL paper, rGO/Ag/PEL 
paper and a full structure Ag/
rGO/Ag/PEL paper

Fig. 7   Electrical behaviour of Ag/rGO/Ag memory cells: a & b Current–Voltage (I-V) behaviour of the memory elements (c) retention time of 
the memory devices
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was changed from 0 to 2 V and then from 2 V to − 2 V in an incremental step 0.1 V; 3rd (in green) where the maximum 
of + 5/− 5 V is applied. The device is originally in a high resistive state (HRS) and the switching from HRS to low resistive 
state (LRS) takes place when a potential of + 10 V is applied. Reversing the voltage polarity to − 10 V reset the device 
to the high resistive state (HRS). This represents the 4th cycles, in blue, of the testing protocol and reversible resistive 
switching displayed by the cell follows a typical bipolar type of switching, as positive potential induces a change from 

Fig. 8   a Interval plot of the retention behaviour of memory devices, along with the density distribution of high and low resistive states. b 
A retention plot that incorporates statistical analysis of clustered data for each state (where, μ is the mean and σ is the standard deviation)
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HRS to LRS, while the opposite happens for negative potentials. It is important to note, however, that the rGO based cells 
did not require any electroforming step. This behaviour was expected as the active core is rGO that means a number of 
defects, such as oxygen vacancies, exist and hence support the resistive switching without electroforming. This concept 
has been proved/demonstrated before in titanium dioxide memristor were by altering the stoichiometry of the active 
core can result in switching without electroforming[4]. Furthermore, the same device was tested via two consecutively 
cycles before and after the retention test, at (10 V/− 10 V) with the results included in Fig. 7(b). For the 2nd and 3rd cycles, 
less voltage is required to switch the device from HRS to LRS; and quite the same to reverse the device’ state. The similar 
behaviour was observed in TiO2 based memristor by Salaoru et al.[23].

From current–voltage (I-V) characteristics, Vset, Vreset, and Vread were identified. These values were further used dur-
ing the memory retention time test, with the results presented in Fig. 7(c).

The device was programmed to a high resistive state (I = 1.15 × 10−10A, as shown in Fig. 8(a)) by applying a pulse with an 
amplitude of 10 V, and this state was read at 6 V. Interestingly after 210 pulses, the device switches to a low resistive state 
(a cluster of such data points is shown in Fig. 8(a) with a mean value of current (I = 4.77 × 10−7A). Furthermore, when reset 
pulse (− 10 V) is applied the device is now in the high resistive state and after 11 pulses moves to low resistive state. The 
density distribution of the first 11 pulses is also depicted in Fig. 8(b). The interval plot of HRS and LRS for a large portion 
of the pulses is shown in Fig. 8(a). Statistical analysis shows that the mean of each state has a 95% confidence interval. 
The retention time test demonstrates the coexistence of both bipolar and unipolar switching. This type of behaviour has 
been reported before in transition oxide metals-based memory devices [4, 9, 24, 25]. The statistical analysis presented 
in Fig. 8 for each state shows that the dispersion in the data is within the expected confidence limit, which provides 
encouragement for further exploration of GO into memory devices.

4 � Conclusions

In conclusion, we have shown that additive layer manufacturing technology can be used to fabricate rGO memory 
devices. Both the electrodes (Ag) and the active core (rGO) were deposited via inkjet printing and firstly the properties 
of the inks and the printing parameters were investigated. Furthermore, the quality of the printed patterns in terms of 
uniformity and continuity was assessed. The electrical tests performed (current–voltage characteristics and retention 
time) of the Ag/rGO/Ag cross-bar structure clearly demonstrated that the printed cells display memory behaviour. Con-
sequently, we have demonstrated that inkjet printing is a good alternative for the fabrication of memory devices and 
has the potential to replace traditional subtractive technologies. The limitation of our study is that the top silver contact 
is deposited by paint brush and the future direction is that the top contact to be deposited by inkjet printing and hence 
to use only inkjet printing to fabricate memory devices.
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