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Adaptable communication systems are of great interest as they provide dynamic front end to
accommodate the tunable spectrum management in advanced wireless systems. Memristor (acronym
of memory resistor) is an emerging technology part of resistive RAM (RRAM) that has good potential
for application in reconfigurable RF devices. The potentiality of using resistive switches for frequency
tuning of high frequency RF filters is successfully explored in this article for the first time. Tunable

RF filter is designed with detailed simulation using Ansys HFSS, and then correlated with measured
results from experiment. As a proof of concept, a prototype of the tunable RF filter is fabricated by
using a graphene oxide (GO) integrated with a conventional microstrip open stub notch filter. The
resistor switching ability of the device is exploited for the frequency tuning. The resonating length of
the notch filter is varied by changing the resistance of the active GO material between ‘HIGH’ (OFF)
and ‘LOW’ (ON) resistance states. The measured results demonstrate the great potential of using
RRAM in tunable RF devices. It also proves the possibility of tuning RF devices without any localized
surface mount device (SMD) element or complex realization technique.

Being a crucial component in radio frequency (RF) transceivers, filters play a major role in wireless communi-
cation, which is among the main pillars of IoT technology stack (Fig. 1)'. Over the last decades, the extensive
use of wireless devices causes a huge increase in the amount of network participants and services?. The efficient
use of radio spectrum can rectify this problem to some extent. Tunable filters are key components in dynamic
spectrum management concepts like software defined radios and cognitive radios®. Such devices provide ideal
filtering solution for communications, medical, defense, and other essential fields*. Tunable RF filters are being
explored in the literature for many years>>~°. Most of them are based on placing a localized SMD element, most
commonly with a varactor®>>7=°.

The memristor (MR) device is an emerging RRAM technology that was postulated by Chua in 1971, and
realized by HP lab in 2008"'. MR device resistance can be changed in a nonvolatile way from one state (ON) to
another (OFF) or vice versa. Such device has the potential to be deployed in many emerging applications such
as neuromorphic, computing, memory, security and sensing'>~'8. Recently, RRAM switching ability has attracted
researchers’ attention to be utilized in reconfigurable RF devices. Due to its superiority as a non-volatile tech-
nology leads to low energy consumption, RRAM device can potentially replace the conventional RF switches!'.
Comparing RRAM-based tunable RF components to PIN diode, RRAM has the advantage of being non-volatile.
Thus, a one-time voltage bias should be applied to set the device to ON or OFF state, and then the device keeps
remembering its last state even after disconnecting the bias voltage. On the other hand, the PIN diode is an active
device, therefore requires a continuous bias voltage application in order to maintain the ON or OFF state?**.
Hence, RRAM technology is considered power efficient solution for tunable RF components. As for RE MEMS
switching devices, they suffer from mechanical stress of the deposited metal layers®! which are brittle, reducing
their reliability in wireless communications applications. Hence, the RRAM-based tunable RF component can
stand longer periods of operation once the switching state is set.

Although many researchers have explored the possibility of integrating RRAM in reconfigurable RF
circuits'®?%, most of these findings are based on either simulation or numerical modeling'*-?2. Few attempts
report fabricated RRAM to be used for RF circuitry;however, all of these attempts have used RRAM as stan-
dalone component to tune the resistance. On contrary, our approach is to integrate the planer RRAM with the
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Figure 1. Basic components of the Internet of Things (IoT) stack.
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Figure 2. Steps of the fabrication procedure followed to fabricate the filter presented in this paper.

metallization of the RF component. For example, the works provided in**** propose connecting the fabricated

discrete RRAM as a variable resistor with other circuit components to demonstrate tunable filter behavior.
The work provided in*® proposes deploying non-volatile resistive switches in phased antenna arrays. Although
detailed fabrication and characterization are provided for the used resistive switches, the integration of these
devices with phased antenna arrays is done only in simulations and the practical implementation and realization
of the tunable RF device is missing. Thus, all the aforementioned state of the art does not provide a realization
of stand-alone tunable filter integrated with planar RRAM.

This paper proves experimentally, for the first time, the possibility of using RRAM devices in planar RF filters
that can operate at high frequencies. The switching ability of graphene oxide (GO)**** is utilized in fabricat-
ing a tunable standard open stub notch filter. The obtained results confirm the great potential of using resistive
switching materials as tunable element in RF devices. Also, the measurements provided in this work confirmed
the possibility of tuning RF devices without any localized surface mount device (SMD) element or complex
realization technique. The challenges associated with integrating oxide material with the conductive material of
the filter is also highlighted. This paper also presents a detailed simulation study of RRAM-based filters, which
also agrees with our postulates and is used to guide the fabrication process. The potential results presented in
this work open a trending area for RF researchers to explore the possibility of replacing conventional RF switches
with RRAM switches.

The rest of the paper is organized as follows. “Experimental procedure” details the experimental procedures
and the device structure. “Results and discussion” describes the simulation study of RRAM-based tunable notch
filter. Also, planar GO-based RRAM devices that are suitable for the tunable filter application are presented,
followed by the measurement results of the fabricated tunable filter. Finally, the work conclusions are provided
in “Conclusion”

Experimental procedure

Device fabrication. The tunable filter presented in this work is fabricated on Cyclic Olefin Copolymer
(COC) wafer using standard microfabrication techniques. This substrate has been chosen as it provides excellent
adhesion with GO*. The fabrication steps of RRAM-based tunable filter are shown in Fig. 2. In step 1, the COC
wafer is cleaned by sonicating it in acetone, followed by isopropanol, and DI water baths. A metal deposition
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Figure 3. (a) Device schematic to show the planar RRAM-based filter structure. (b) A photo of the fabricated
filter on Cyclic Olefin Copolymer (COC) substrate. (c) Scanning electron microphotograph of the deposited GO
layer, top view, under secondary electron mode.

(gold for this work) is performed using sputter coating system as shown in step 2. The lithography process is then
achieved by spin coating of thin layer of positive photoresist on top of the metal film (step 3). The photoresist
layer is patterned using a photolithography system and then developed using a proper developer (steps 4 and 5).
After that, the exposed metal layer is etched away using the associated metal etchant (steps 6). Then, the wafer
is dipped in acetone to remove the photoresist layer (step 7). In steps 8-14, GO layer is deposited and patterned
on the metal film using Plasma-enhanced lift-off procedure®. To elaborate, spin coating is used to deposit a thin
layer of positive photoresist on the fabricated filter (step 8). This layer is then patterned and developed in step 9.
After that, a layer of GO is deposited using a spin coater (steps 11 and 12), baking the wafer on a hot plate (step
13), and then removing the photoresist layer by acetone (step 14). Prior the deposition of GO, the device surface
is treated by plasma for few minutes (step 10) to improve the adhesion between the GO and the surface. In step
15, the back side of the wafer is coated by the same metal used for filter fabrication. The final step is to attach the
RF connectors to the fabricated filters. A schematic and photo of the fabricated filter are presented in Fig. 3a,b.

Device characterization. The S-parameter of the fabricated filter is measured by the vector network ana-
lyzer. SOLT (Short, Open, Load, Thru) calibration is performed before S-parameter measurements. The meas-
urements are taken when the RRAM device is OFF and after switching the device to ON state. The electrical
characterization is performed using Keithley 4200-SCS Parameter Analyzer with pulse mode to screen for the
RRAM devices functionality.

Microscopic images for the patterned GO film are obtained using scanning electron microscopy (SEM). In
line with the work provided in®®, Fig. 3c shows the GO film deposited in the filter gap. GO material has great
potential to be deployed in flexible RRAM devices. Systematic study on the switching mechanism associated to
GO-based RRAM is reported in*. In this paper, we utilize the switching ability of GO material to design and
fabricate tunable notch filter.

It is important to study the stability of the deposited GO film on the COC wafer. To achieve this, JIS K 6744
boiling water test is used for a COC wafer coated with GO. The wafer is left in boiling water for an hour. Micro-
scopic images of the wafer surface are taken before and after the boiling test. As presented in Fig. 4, the distribu-
tion of the flakes is not affected which reflects stable GO layers as no peeling off occurs for the deposited film.

Results and discussion

RRAM-based tunable filter. The parametric simulation study of the RRAM-based filters is explained in
this section. Ansys HFSS is used as simulation software. A standard open stub notch filter design is adopted
here¥. As presented in Fig. 5, the filter is designed on COC substrate (g, =2.35, tand=0.0001, substrate thick-
ness=1 mm). A quarter wave open stub with length L is placed at the middle of the main transmission line with
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(b)

Figure 4. Two microscopic images for the GO film on top of COC wafer (a) before and (b) after the water
boiling test.

Figure 5. Structure of the open stub notch filter.

width W,. The impedance of the filter is determined by the width W, which is designed for the standard 50 Q
impedance. The frequency of operation is determined as follows

FO) =c /(4 (eng) L) (1)

where c is the speed of light, ¢,,5is the effective permittivity of the substrate and L is the length of the open
stub.The main aim of this study is to explore the filter characteristics with RRAM device integrated within its
metal. This has critical role in guiding the tunable filter design and fabrication. The switching ability of RRAM
can provide tuning feature through changing the resonating length of the open stub according to the resistance
state of the device. To achieve clear understanding about this concept, two filters with different lengths (Fig. 6a,
b) are simulated and their transmission characteristics are compared to each other. As shown in Fig. 6d, shorter
filter length results in higher resonance frequency, which is in agreement with Eq. (1).

To demonstrate the tuning concept proposed in this work, a resistive gap element is modeled and integrated
within the open stub as presented in Fig. 6c. The resistive gap is supposed to be in the HIGH resistance state
or the LOW resistance state depending on the last conductance value written on it. If the RRAM switch is in
HIGH state, the filter will choose only the shortest resonating length (L,) that pushes the resonance frequency
to a higher level. While when the switch is at LOW state the filter will choose the resonating length as the total
length (L,) leading the cut-off frequency to shift to a lower frequency level.

The gap width size (g) is an essential parameter to be studied and understood. The reason is that even if the
gap has HIGH resistance, its size should be big enough to eliminate any coupling that can take place via the
gap™. To clarify this, the transmission characteristic of the filter presented in Fig. 6¢ is simulated with different
gap size (g) that varies from 1 to 200 um. The conductivity of the gap switching material is set as 5.8 x 10 S/m
to simulate the HIGH state. The S-parameters for the different gap sizes are provided in Fig. 6e and compared
to the ideal characteristic that corresponds to the filter shown in Fig. 6b with length L,. It can be observed that
the filter with the integrated resistive gap can have ideal behavior if the gap size is > 200 pm. However, it is chal-
lenging to operate a RRAM device with such gap (the distance between the two electrodes) size as the generated
electric field will not be sufficient to switch the state of the device, taking into account the planar structure of the
device*'*4. The gap of RRAM devices reported in the literature ranges from nm to submicrons*. From Fig. 6e,
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Figure 6. The Structure and frequency characteristics of the open stub notch filter (a) Structure of ideal filter
with full length. (b) Structure of ideal filter with short length. (c) Structure of RRAM-based filter. (d) S21
parameters of filters presented in (a, b) with L, = 26.46 mm and L, = 24.46 mm. The effect of gap with fixed L,
(e) size, (f) position, and (g) conductivity on the filter characteristics.

the gap size of 20 um has been chosen for RRAM-based filters as it is practical to operate RRAM device with this
gap size and at the same time it gives remarkable shift in the frequency. To achieve higher shift in the resonance
frequency of the tunable filter, the position of the gap can be shifted towards the main transmission line. The
simulation results of this study are revealed in Fig. 6f.

The aforementioned studies are carried out to set a framework to design the size and the position of the
resistive gap to be integrated within the filter. Another important parameter to be explored is the conductivity
of RRAM gap. At a fixed gap size and position, the conductivity of the gap switching material defines the charac-
teristics of the filter. As presented in Fig. 6g, it is found that in ‘HIGH’ resistive state (when the resistance of the
gap is too high, of the order of mega ohms), the filter has better rejection. On the same way, at ‘LOW’ resistance
state (when the resistance of the memristor is low, of the order of few kilo ohms), the filter has better rejection.
For all other values of resistances, the filter rejects moderately.

Planar GO-based resistive switching. Graphene based switching devices are gaining great interest due to
their excellent properties in terms of low cost, flexibility, adaptability, and being environmentally friendly***5->°.
It has been shown that deploying graphene as electrodes in RRAM devices can increase its conductivity and
thus improve the device performance. Additionally, using GO as the switching layer in RRAM can assist in
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Figure 7. (a) Planar and (b) stacked RRAM structures.

1.E-01 +
1.E-02
N
" L
<

- R =3 Keithley 4+ - -
1 a0 1 - - c 1 =
* i : € : g | {

l | B |3 l
% s e e .
15 35 5.5 -6 6 2 1 0 1 2

Voltage (V) Voltage (V)

(a) (b) (c)

1.00E-02 -

1.00€-03

Current (A)

1.00€-04

1.00E-05 + + + + i
0.E+00  2.E+03 3.E+03 5.E+03  6.E+03  8.E+03

Time (s)
(d)

Figure 8. I-V characteristics of resistive switching devices. Unipolar switching behaviour exhibited using

(a) Au electrodes. (b) Ag electrodes. (c) Bipolar switching behaviour exhibited using Cu electrodes. (d) Chart
illustrating the retention of RRAM device presented in (a) for ON and OFF states under the application of DC
reading voltage of 0.1 V for 2 h.

multi-resistance switching behavior which is considered an asset in many emerging applications. From RRAM
device point of view, it is challenging to operate the device in planar structure (Fig. 7a), rather than the stacked
structure (Fig. 7b) that is well reported in the literature®. Switching the active material in RRAM device (Metal/
Insulator/Metal structure) requires high electric field to be generated, which can be easily achieved in the stacked
structure. For more clarification, generating high electric field can be accomplished by diminishing the distance
between the metal electrodes (in nm range) while providing suitable active area (between the electrodes) that
facilitates building and rupturing the conductive filaments. In the filter tuning concept proposed in this work,
the resistive gap should be deployed in a planner manner and as proved in Fig. 6, the gap should be>20 um to
eliminate any coupling that can take place via the gap during OFF state. Thus, design an RRAM device with the
dimentions and the materials that can be integrated in a tunable RF filter is the main challenge in this work.
In this section three planar GO-based resistive switching devices fabricated by our group are presented and
explained. Three different metals for the electrodes are used; Au, Ag and Cu. The devices are fabricated in planar
structure to facilitate its integration within the filter metal. Figure 8 shows the electrical characteristic of each
device. It can be observed that Au and Ag systems (Fig. 8a,b) exhibit unipolar switching behaviour. In such char-
acteristic, the switching behaviour of the device does not depend on the polarity of the applied voltage; thus, the
same I-V curve can be obtained in either polarity. On the other hand, the Cu system shown in Fig. 8c presents
bipolar switching, where the device switching direction depends on the applied voltage polarity®.

The mechanisms associated to both switching behaviours are provided in Fig. 9. For Au and Ag systems, as
the used electrodes are noble metals (Fig. 9a), the switching in the oxide layer happens due to the oxidation tak-
ing place in the partially reduced GO film (prGO), without any contribution from the metal electrodes "2,
This occurs upon the application of sufficient voltage (V = Vy;) across the device, where the threshold voltage V;,
depends on the gap between the metal electrodes (20 um is used here). The synergistic effect of the applied volt-
age Vy, and the current passing through the device generates Joule heating that causes oxidation of the oxygen
vacancies and consequently changes the resistance of the switching film. To confirm that Joule heating is the
dominant force for the system presented in Fig. 9a, the device is tested under vacuum (i.e. pressure=5x 10~ Pa)
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Figure 10. Measurement results of the RRAM-based fabricated notch filter using gold. (a) Structure and
dimensions of the filter. (b) S21 parameter for the measurement and simulation results for both LOW and
HIGH states. (c) S21 parameter for the measurement and simulation results for LOW state after tuning the
simulation ON resistance value of the resistive gap to match the measurements.

and it shows to preserve its switching behaviour. Creating and rupturing of conducting filaments via Joule
heating-based reduction and oxidation is called fuse-antifuse and it is well reported in the literature of RRAM
switching mechanisms®. As for the Cu system presented in Fig. 9b, when positive voltage is applied across the
device, copper cations are dissolved from the active electrode and conductive filaments are built towards the
positively charged electrode. This mechanism is called electrometallization (ECM) and it is associated to active
electrodes deployed in resistive switching devices'>*.

It is worth mentioning that the three resistive switching systems presented in Fig. 8 have the potential to be
deployed in tunable RF filter, depending on the target application of the communication element. In this work,
as a proof of concept, Au system is utilized to demonstrate the proposed RRAM-based filter tuning. As shown
in Fig. 8d, a detailed retention test has been performed at room temperature for 2-h for both ON and OFF state
and the RRAM device proved its stability and ability to hold its last written state. In addition, multiple devices
have been tested for retention and confirmed retention for over 1-year.
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Category This work 19 20 21 26 27 29 30
Design type | BSF Antenna I};Eip filter for Phase shifter | BPF BPF Antenna BPF
Frequency 2.308 and i 6 _

(GHz) 2 3143 1 10 and 10 244and53 |1.6and3.5 2.88-4.62 10
Minimum ON

state resist- 100 0.5 100 316,000 3.6 2.1 2.5 3

ance (Q)

Maximum

OFF state 1x10° 2000 16,000 632,000 3.6 x 1012 2.1x 10" - -

resistance (Q)

(Sl‘e“’vlfe““g RRAM RRAM RRAM RRAM RRAM RRAM PIN diode | PIN diode
g;\;lce proto- Experiments | Simulations | Simulation Simulations | Simulations | Simulations | Experiments | Experiments

Table 1. Performance comparison of proposed RRAM-based tunable filter with other works.

Tunable filter measurements. The framework detailed in the previous sections is followed to guide the
fabrication of RRAM-based notch filter using gold metal. Gold has been used due to its high conductivity and
excellent properties for RF applications®®. The GO material is integrated within the filter to provide the tuning
property. The filter schematic and measurements are shown in Fig. 10. The HIGH (ON) and LOW (OFF) states
insertion losses of the filter are plotted in Fig. 10b. A frequency tuning range of 85 MHz is obtained. Compar-
ing the filter measurements to the simulation results provided on the same figure, the dB value is correct for the
HIGH state which is — 28 dB in simulation and the same for measurement. This indicates the good matching
with the used 50 W feed line and the connector. The LOW state has less dB in measurement (— 18 dB in measure-
ment and — 28 dB in simulation). The difference in the loss between the filter simulation and measurement is due
to the ON resistance of the resistive gap (100 Q) which is lower than the resistance value used in the simulation.
This resistance level is obtained due to the use of 0.01 A compliance current during switching the gap resistance.
In general, a compliance current is used during the characterization of RRAM devices to protect the device from
the high current that can affect its functionality and switching ability®. The fabricated band stop filter exhibits
a suppression of about — 18 dB at the centre frequency, which corresponds to about 0.016 as power attenuation
factor, which is still good for real-world applications. The mismatch in terms of in-band suppression with the
simulation is due to modelling the RRAM ON conductance with a value equal to the metal conductance 5.8 x
107 S/m. Thus, by updating the simulation parameters and use the ON resistance value obtained in the measure-
ments, this diminishes the mismatch between the measurements and simulations (Fig. 10c).

Table 1 displays the switching performance of the fabricated RRAM-based tunable filter compared to existing
works. It is clear that this work is the only experimental one compared to RRAM-based tunable RF components
available in the literature. As shown by the experimental results, the proposed concept to tune the center fre-
quency of microstrip notch filters by employing a resistive switching device works perfectly. This idea can be
implemented with other filter types, taking into account the framework provided to simulate and design the
target RRAM-based filter.

Conclusions

Tunable filters are essential elements as their frequencies of the passband or rejection band can be varied by
adjusting their components or parameters. The paper proposed utilizing the resistance switching ability of RRAM
devices to tune the behavior of communication filters. This is achieved by integrating the switching device in
the filter design. This, then allows varying the effective lengths in the filter by applying sufficient voltage to tune
the resistance of the RRAM device. The paper provided detailed simulation analysis for standard notch filter
with the concept of tuning the filter using resistive switching material. The proposed idea was demonstrated
experimentally by fabricating notch filter using gold as conductive material. The results exhibited by the fabri-
cated filter showed promising insights that is considered milestone in the research of RRAM-based adaptable
communication systems.

Received: 1 March 2020; Accepted: 20 July 2020
Published online: 04 August 2020

References

1. “The Truth About IoT Implementations— Wireless vs. Wired”. https://blog.senseware.co/2017/10/10/iot-implementations-wirel
ess-vs-wired

2. Schuster, C., Schynol, Lu., Polat, E., Schwab, E., Schmidt, S., Jakoby, R. & Maune, H. “Reconfigurable Hairpin Filter with Tunable
Center Frequency, Bandwidth and Transmission Zero”. in 2019 IEEE MTT-S International Microwave Workshop Series on Advanced
Materials and Processes for RF and THz Applications (IMWS-AMP), July 16-18, 2019, Bochum.

3. Chen, R. & Hashemi, H. “Reconfigurable SDR receiver with enhanced front-end frequency selectivity suitable for intra-band and
inter-band carrier aggregation”. in IEEE International Solid-State Circuits Conference, (ISSCC), Feb. 2015, pp. 1-3.

4. Tunable Filter. https://www.analog.com/en/products/rf-microwave/tunable-filters.html#

SCIENTIFIC REPORTS |

(2020) 10:13128 | https://doi.org/10.1038/s41598-020-70041-x


https://blog.senseware.co/2017/10/10/iot-implementations-wireless-vs-wired
https://blog.senseware.co/2017/10/10/iot-implementations-wireless-vs-wired
https://www.analog.com/en/products/rf-microwave/tunable-filters.html#

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
. Abunahla, H., Shehada, D., Yeun, C. Y., OKelly, C.J., Jaoude, M. A., & Mohammad, B. Novel microscale memristor with uniqueness
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.

28.

29.
30.

31.
32.
33.
34.
35.

36.

42.
43.
44.
45.
46.
47.
48.

49.
50.

. Guo, J., You, B. & Qing Luo, G. A miniaturized eighth-mode substrate-integrated waveguide filter with both tunable center fre-

quency and bandwidth. IEEE Microw. Wirel. Compon. Lett. 29(7) (2019).

. You, B, Lu, S., Chen, L. & Gu, Q. J. A half-mode substrate-integrated filter with tunable center frequency and reconfigurable

bandwidth. IEEE Microw. Wireless Compon. Lett. 26(3), 189-191 (2016).

. Simpson, D.J., Garcia, R.G. & Psychogiou, D. “Tunable multiband bandpass-to-bandstop RF filters. in 2018 IEEE/MTT-S Interna-

tional Microwave Symposium, pp.1363-1366.

. Sharif, H., Smadi, L., Faouri, Y. S., Ebrahimi, A., Baum, T., Scott, J. & Ghorbani, K. Continuously tunable dual-mode bandstop

filter. IEEE Microw. Wirel. Compon. Lett. 28(5) (2018).

. Lovato, R.E., Li, T. & Gong, X. Tunable filter/antenna integration with bandwidth control. IEEE Trans. Microw. Theory Tech. 67(10)

(2019).

Chua, L. Memristor-the missing circuit element. IEEE Trans. Circuit Theory 18(5), 507-519 (1971).

Strukov, D. B., Snider, G. S., Stewart, D. R. & Williams, R. S. The missing memristor found. Nature 453(7191), 80 (2008).
Abunahla, H., Jaoude, M. A., O’Kelly, C. ]. & Mohammad, B. Sol-gel/drop-coated micro-thick TiO, memristors for y-ray sensing.
Mater. Chem. Phys. 184, 72-81 (2016).

Abunahla, H., Shehada, D., Yeun, C. Y., Mohammad, B. & Jaoude, M. A. Novel secret key generation techniques using memristor
devices. AIP Adv. 6(2), 025107 (2016).

Lebdeh, M. A., Abunahla, H., Mohammad, B. & Al-Qutayri, M. An efficient heterogeneous memristive xnor for in-memory
computing. IEEE Trans. Circuits Syst. I Regul. Pap. 64(9), 2427-2437 (2017).

Abunahla, H. et al. Memsens: Memristor-based radiation sensor. IEEE Sens. J. 18(8), 3198-3205 (2018).

property for securing communications. In 2016 IEEE 59th International Midwest Symposium on Circuits and Systems (MWSCAS)
1-4 (IEEE, New Yorkj2016).

Abunahla, H. et al. MOMSense: “Metal-oxide-metal elementary glucose sensor”. Sci. Rep. 9(1), 5524 (2019).

Pi, S., i-Sadrabadi, M. G., Bardin, J. C. & Xia, Q. Memristors as radiofrequency switches. in 2016 IEEE International Symposium
on Circuits and Systems (ISCAS), 22-25 May 2016.

Gregory, M. D., & Werner, D.H. Application of the memristor in reconfigurable electromagnetic devices. IEEE Antennas Propag.
Mag. 57(1) (2015).

Adesina, N. O. & Srivastava, A. Memristor-based loop filter design for phase locked loop. J. Low Power Electron. Appl. 9, 24. https
://doi.org/10.3390/jlpea9030024 (2019).

Mutly, R. & Karakulak, E. Memristor based phase shifters. in 2018 2nd International Symposium on Multidisciplinary Studies and
Innovative Technologies (ISMSIT), 19-21 October 2018.

Xu, K.D,, Zhang, Y. H., Wang, L., Yuan, M. Q,, Fan, Y, Joines, W. T., Fellow, IEEE, & Liu, Q. H. Two memristor SPICE models and
their applications in microwave devices. IEEE Trans. Nanotechnol. 13(3), 607 (2014)

Ali, S., Hassan, A., Hassan, G., Bae, ]., & Lee, C. H. Memristor-capacitor passive filters to tune both cut-off frequency and band-
width. in 25th International Conference on Optical Fiber Sensors, Proceedings of SPIE, Vol. 10323.

Wizenberg, R., Khiat, A., Berdan, R., Papavassiliou, C. & Prodromakis, T. Applications of solid-state memristors in tunable filters.
in 2014 IEEE International Symposium on Circuits and Systems (ISCAS), 1-5 June 2014.

Dragoman, M., Aldrigo, M. & Adam, G. Phased antenna arrays based on non-volatile resistive switches. IET Microw. Antennas
Propag. 11(8), 1169-1173 (2017).

Potrebi¢, M., Tosi¢, D. & Biolek, D. Reconfigurable microwave filters using memristors. Int. J. Circuit Theory Appl. 46(1), 113-121
(2018).

Potrebi¢, M., Tosi¢, D. & Plazini¢, A. Reconfigurable multilayer dual-mode bandpass filter based on memristive switch. AEU-Int.
J. Electron. Commun. 97, 290-298 (2018).

Wu, B., Hu, Y., Zhao, Y. T. & Lu, W. B. Large angle beam steering THz antenna using active frequency selective surface based on
hybrid graphene-gold structure. Opt. Express 26(12), 15353 (2018).

Tariq, A. & Ghafouri-Shiraz, H. Frequency-reconfigurable monopole antennas. IEEE Trans. Antennas Propag. 60(1), 44-50 (2012).
Lugo, C. & Papapolymerou. J. Single switch reconfigurable bandpass filter with variable bandwidth using a dual-mode triangular
patch resonator. in IEEE MTT-S International Microwave Symposium Digest, 2005, Long Beach, CA, 2005, p. 4.

Lysenko, 1., Tkachenko, A., Sherova, E. & Nikitin, A. Analytical approach in the development of RE MEMS switches. Electronics
7(12), 415 (2018).

Porro, S., Accornero, E., Pirri, C. F. & Ricciardi, C. Memristive devices based on graphene oxide. Carbon 85, 383-396 (2015).
Jeong, H. Y. et al. Graphene oxide thin films for flexible nonvolatile memory applications. Nano Lett. 10(11), 4381-4386 (2010).
Yan, X. et al. Graphene oxide quantum dots based memristors with progressive conduction tuning for artificial synaptic learning.
Adyv. Func. Mater. 28(40), 1803728 (2018).

Alazzam, A. Solution-based, flexible, and transparent patterned reduced graphene oxide electrodes for lab-on-chip applications.
Nanotechnology. 31, 075302 (2019).

Matthaei, G., L. Young, & E. M. T. Jones. Microwave Filters, Impedance-Matching Networks, and Coupling Structures 614-647
(Artech House, Boston, 1985).

. Hong, ].S. & Lancaster, M.].. Microstrip Filter for RF/Microwave Applications. ISBNs: 0-471-38877-7.

. Weibler, J., & Enclosures, L. R. Properties of Metals used for RF shielding. EMC Test Des. 100 (1993).

. Mohammad, B. et al. State of the art of metal oxide memristor devices. Nanotechnol. Rev. 5(3), 311-329 (2016).

. Ki Hong, S., Eun Kim, ], Kim, S. O. & Jin Cho, B. Analysis on switching mechanism of graphene oxide resistive memory device.

J. Appl. Phys. 110(4), 044506 (2011).

. Abunahla, H., Mohammad, B., Homouz, D. & Okelly, C. J. Modeling valance change memristor device: Oxide thickness, material

type, and temperature effects. IEEE Trans. Circuits Syst. I Regul. Pap. 63(12), 2139-2148 (2016).

Abunahla, H., Homouz, D., Halawani, Y. & Mohammad, B. Modeling and device parameter design to improve reset time in binary-
oxide memristors. Appl. Phys. A 117(3), 1019-1023 (2014).

Abunahla, H., El Nachar, N., Homouz, D., Mohammad, B., & Jaoude, M. A. Physics model of memristor devices with varying
active materials. in 2016 IEEE International Symposium on Circuits and Systems (ISCAS) 1590-1593. (IEEE, New York, 2016)]
Kvatinsky, S., Friedman, E. G., Kolodny, A. & Weiser, U. C. TEAM: Threshold adaptive memristor model. IEEE Trans. Circuits Syst.
I Regul. Pap. 60(1), 211-221 (2012).

Liu, B, Liu, Z., Chiu, L. S., Di, M., Wu, Y., Wang, J. C., & Lai, C. S. Programmable synaptic metaplasticity and below Femtojoule
spiking energy realized in graphene-based neuromorphic memristor. ACS Appl. Mater. Interfaces. (2018)]

Sparvoli, M., & Marma, J. S. Development of resistive memories based on silver doped graphene oxide for neuron simulation. in
2018 International Joint Conference on Neural Networks (IJTCNN) 1-6. (IEEE, New York, 2018)]

Binti Izam, N. L, Aziz, T. N. T. A., Rahman, R. A., Malek, M. E, Herman, S. H., & Zulkifli, Z. The effect of dip-coating speed on gra-
phene decorated ZnO films for memristor application. in 2016 IEEE Student Conference on Research and Development (SCOReD).
1-6. (IEEE, New York, 2016)]

He, C. et al. Tunable electroluminescence in planar graphene/SiO, memristors. Adv. Mater. 25(39), 5593-5598 (2013).

Weiss, N. O. et al. Graphene: An emerging electronic material. Adv. Mater. 24(43), 5782-5825 (2012).

ReThink Non-Volatile Memory with 3D ReRAM. https://www.crossbar-inc.com/develop/design-resources/white-papers/.

SCIENTIFIC REPORTS |

(2020) 10:13128 | https://doi.org/10.1038/s41598-020-70041-x


https://doi.org/10.3390/jlpea9030024
https://doi.org/10.3390/jlpea9030024
https://www.crossbar-inc.com/develop/design-resources/white-papers/

www.nature.com/scientificreports/

51. Russo, U., Lelmini, D., Cagli, C. & Lacaita, A. L. Self-accelerated thermal dissolution model for reset programming in unipolar
resistive-switching memory (RRAM) devices. IEEE Trans. Electron Dev. 56, 193-200 (2009).

52. Ekiz, O. O,, Urel, M., Guner, H., Mizrak, A. K. & Dana, A. Reversible electrical reduction and oxidation of graphene oxide. ACS
Nano 5(4), 2475-2482 (2011).

53. Valov, I., Waser, R., Jameson, J. R. & Kozicki, M. N. Electrochemical metallization memories—Fundamentals, applications, pros-
pects. Nanotechnology 22(25), 254003 (2011).

Acknowledgements
This publication is based upon work supported by the Khalifa University of Science and Technology under
Award No. RC2-2018-020.

Author contributions

H.A. lead the electrical characterization with feedback from co-authors. R.G. and M.K. performed device simula-
tions. B.M. secured the fund and was involved in analyzing, planning, coordinating and supervising the work.
H.A.and A.A. performed the fabrication of the devices. Stability test and material characterization were achieved
by A.A. M.S. contributed to technical analysis of the results. Manuscript writing was led by H.A. and achieved
collaboratively by all authors. All authors discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.A. or B.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13128 | https://doi.org/10.1038/s41598-020-70041-x


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Integrated graphene oxide resistive element in tunable RF filters
	Anchor 2
	Anchor 3
	Experimental procedure
	Device fabrication. 
	Device characterization. 

	Results and discussion
	RRAM-based tunable filter. 
	Planar GO-based resistive switching. 
	Tunable filter measurements. 

	Conclusions
	References
	Acknowledgements


