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Abstract: Electroforming-free resistive switching random access memory (RRAM) devices employing
magnesium fluoride (MgFx) as the resistive switching layer are reported. The electroforming-free
MgFx based RRAM devices exhibit bipolar SET/RESET operational characteristics with an on/off
ratio higher than 102 and good data retention of >104 s. The resistive switching mechanism in
the Ti/MgFx/Pt devices combines two processes as well as trap-controlled space charge limited
conduction (SCLC), which is governed by pre-existing defects of fluoride vacancies in the bulk MgFx

layer. In addition, filamentary switching mode at the interface between the MgFx and Ti layers is
assisted by O–H group-related defects on the surface of the active layer.

Keywords: electroforming-free; bipolar; RRAM; filamentary switching; interface

1. Introduction

Among emerging non-volatile memory (NVM) technologies, resistive switching ran-
dom access memory (RRAM) is a promising technology due to its properties of low-power
consumption, high switching speed, excellent scalability, long-endurance, simple architec-
ture, and complementary metal-oxide-semiconductor (CMOS) technology compatibility [1].
RRAM can also mimic biological synopsis, showing potential for neuromorphic applica-
tions [2].

RRAMs are based on a metal-insulator-metal (MIM) structure, which generally in-
volves an electroforming process to create conductive filaments between two metal elec-
trodes through the insulating layer. After the electroforming process, the device switches
from an initial high resistance state (HRS) to a low resistance state (LRS). Other device
operation parameters, including the applied voltage/current and the device operating
environment, strongly affect the electroforming process [3]. Usually, the voltage required
for formation is much higher than that required for the switching operation, which causes
unexpected complexity and worsens device performance [4]. Hence, electroforming-free
resistive switching is one of the most desired characteristics of RRAM.

Electroforming-free behavior is usually considered to result from internal defects and
conduction filament confinement [5]. It is often observed in devices consisting of nonsto-
ichiometric metal oxides due to oxygen ion migration and the presence of defects [6,7].
Defect profile manipulation, ion doping [5], active layer thickness optimization [8], thermal
treatment [9], and fabrication process modulation have been studied [5,10] to achieve
electroforming-free characteristics.

Biodegradable materials (biopolymers and biomass) based on RRAM devices have
demonstrated promising results. The advantage of biodegradable materials is non-toxic
and eco-friendly, significantly reducing the difficulty of handling electronic waste and
alleviating the related problems [11]. However, the essential material properties still remain
significant issues in biomaterial-based RRAMs. A thick active layer is required for the better
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performance in terms of reliability and uniformity. Magnesium fluoride (MgFx), having
a rutile crystal structure, is a biodegradable metal fluoride and an insulator with a large
bandgap (11.3 eV). Its lower degradation rate compared to other biodegradable metals and
polymers make it a favorable candidate for biodegradable RRAM devices [12,13].

However, the devices require an electroforming process to activate the resistive
switching properties. Electroforming voltages as high as 20 V are required [13]. The
electroforming-free MgFx based RRAM device has not yet been reported. In addition, there
is limited information about the characteristics of the MgFx active layers. The conduction
mechanism and resistive switching mechanism in MgFx based RRAM devices are not fully
understood either.

In this work, electroforming-free Ti/MgFx/Pt RRAM devices are synthesized and
characterized. The devices exhibit bipolar resistive switching behavior with an on/off ratio
higher than 102. Structural, elemental, and compositional characteristics of the MgFx thin
film are thoroughly investigated. The electroforming-free behavior is introduced in the
device by deliberately making the amorphous MgFx layer contain more defects than the
crystalline layer. The amorphous MgFx layer is deposited by the electron beam (e-beam)
evaporation method at room temperature.

The effects of device size and MgFx thickness on the overall device performance
are systematically investigated to explore the conduction and resistive switching mecha-
nisms. Finally, with a feasible conduction and resistive switching model, mechanisms are
presented in detail.

2. Materials and Methods

Ti/MgFx/Pt devices were fabricated on SiO2/Si substrate. A 150-nm-thick Pt bottom
electrode was deposited by e-beam evaporation. A thin layer of Ti was used as an adhesion
layer between Pt and the SiO2/Si substrate. A circular-shaped shadow mask was utilized
to pattern the variable thickness MgFx and 150-nm-thick Ti top electrode during e-beam
evaporation at room temperature.

Then, 50-nm-thick MgFx based devices having four different top electrode radii of
25, 50, 150, and 225 µm were prepared to observe the area dependency. The 50 µm-radius
devices having 30, 50, and 70-nm-thick MgFx layers were fabricated to investigate the
effect of the MgFx thickness. Separately, 50-nm and 1-µm-thick MgFx films were grown
on glass and silicon substrates for X-ray diffraction (XRD; panalytical x’pert pro, Almelo,
Netherlands) analysis, scanning electron microscope (SEM; Hitachi S-4700, Hitachi High-
Tech Corporation, Tokyo, Japan) analysis, X-ray photoelectron spectroscopy (XPS; NEXSA,
Fisher Scientific, 168 Third Avenue. Waltham, MA, USA), and Fourier transform infrared
(FTIR; Bruker/Vertex 80v, Bruker Optics Inc, Billerica, MA, USA) absorbance spectroscopy
measurement. The electrical characteristics of the memory devices were measured using a
semiconductor parameter analyzer (HP-4155A; Hewlett-Packard Company, 3000 Hanover
Street, Palo Alto, CA, USA). Voltage was applied directly to the top electrode while the
bottom electrode was grounded.

3. Results and Discussion
3.1. Characteriazation of MgFx Thin Film

The structural, elemental, and compositional properties of the MgFx thin film are
studied to understand the overall Ti/MgFx/Pt device performance, resistive switching,
and conduction mechanism. Figure 1 shows XRD pattern, SEM image, XPS analysis, and
FTIR absorbance spectroscopy measurement results for the MgFx thin film.

The structures of MgFx thin films can be controlled in phases from amorphous to
crystalline by increasing the substrate temperature during deposition from room tempera-
ture to 300 ◦C [14,15]. The substrate temperature was kept at ambient temperature during
e-beam deposition to fabricate a defect-rich amorphous MgFx active layer.
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The XRD pattern of the MgFx thin-film proves that this film is amorphous, as shown
in Figure 1a. The SEM image of the MgFx thin film in Figure 1b shows that only small
grains were formed. The XRD and SEM analyses revealed that the amorphous granular
structured MgFx layer was successfully realized.

Figure 1c shows XPS analysis results for the MgFx thin film. The characteristic peak
of MgFx is confirmed by the peak position of Mg 2p at 52 eV [12]. Via curve-fitting and
area analysis, the atomic ratio of Mg to F is around 1:1.65. The deficiency of F shows
the presence of fluoride vacancies in the MgFx layer. A small amount of oxygen is also
observed [16].

The FTIR absorbance spectra analysis result for the MgFx thin film is shown in
Figure 1d. The characteristic absorbance peak at 613 cm−1 is assigned to the Mg–F bond.
During fabrication, because it is amorphous, MgFx can absorb H2O from the atmosphere
on its surface [15–17]. Due to the presence of H2O, there are many weak absorption
peaks between 3800–3500 cm−1 and 1700 and 1450 cm−1. The vibration bands at 3800 to
3500 cm−1 are associated with the O-H stretching vibrations of water molecules and the
weak binding of hydroxyl groups at Mg2+ sites. The vibration bands at 1700–1450 cm−1

are associated with the bending mode of O–H groups in H2O [17–19]. Additionally, a weak
CO2 (gas-phase) vibration band is observed at around 2375–2385 cm−1 [19]. Due to higher
defects at their grain boundaries, amorphous films generally absorb more moisture than
crystalline films [16–19].
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3.2. Electrical Characteristics of Ti/MgFx/Pt Device

Current-voltage (I-V) measurement of the Ti/MgFx/Pt devices was carried out by
applying double sweep DC voltage with a 50-mV step. Figure 2a shows five cycles of
I-V characteristics (1st, 2nd, 10th, 20th, and 30th) of a 50-nm-thick MgFx based memory
device with a 25-µm radius. Figure 2b shows the device is on and off current stability up
to 125 cycles. The data retention time of the device is over 104 s as shown in Figure 2c.
The first cycle sequence was 0 V→ +3 V→ 0 V→ −3 V→ 0 V, which is shown in red.
From the second cycle (shown in blue) the sequence was 0 V→ +2 V→ 0 V→ −3 V→
0 V. When the positive voltage was applied to the top electrode, the compliance current
(Icc) was set to 250 µA to protect the device from permanent breakdown. The I-V curves
show hysteretic bipolar resistive switching characteristics.
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Pristine Ti/MgFx/Pt device is in the high resistance state (HRS), exhibiting resistance
higher than 10 MΩ. When positive voltage increases, the device current increases gradually
but suddenly increases up to the Icc limit. The resistance switching from HRS to low
resistance state (LRS) occurs at around +1.25 V (VSET). When a negative voltage is applied,
the current starts decreasing from approximately −0.9 V, the RESET voltage (VRESET).
Current decreases gradually until the negative bias voltage reaches −3 V. The currents in
the LRS and HRS of the device are denoted the on current (ILRS) and off current (IHRS),
respectively. A readout voltage (VRead) of +0.50 V is utilized to read the ILRS and IHRS values
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of the device. The ILRS/IHRS ratio of the device is higher than 102 even after 125 cycles,
as shown in Figure 2b. The device also performs good data retention over 104 s with an
on/off ratio higher than 102, as shown in Figure 2c.

In Figure 2a, magnitudes of VSET and VRESET are almost identical for all cycles, in-
cluding the first cycle, even though the defects in the new devices and after RESET (HRS)
are different. In addition, the resistances in HRS for all cycles are close to the initial
value (~10 MΩ). These are the two typical characteristics of electroforming-free bipolar
resistive switching devices [4,5]. The electroforming-free resistive switching behavior of
Ti/MgFx/Pt can be attributed to the combination of ample initial fluoride-related defects in
the amorphous MgFx layer and the presence of O–H group-related defects at the interface
of the Ti/MgFx. The O–H group-related defects play significant roles in electroforming-
free resistive switching by providing additional charges and facilities for forming anion
vacancies in the top electrode/active layer interface [16,20–22]. This makes the devices
overall less resistive than the other reported devices (~10 GΩ). Moreover, it implies that
the conventional electroforming process is not necessary for these MgFx based devices.

3.3. Conduction and Resistive Switching Mechanism

The area dependency and thickness dependency of the Ti/MgFx/Pt device per-
formance are essential to analyze to confirm the conduction and resistive switching
mechanisms.

3.3.1. Area Dependency

The area-dependent characteristics of Ti/MgFx/Pt memory devices are shown in
Figure 3. VSET and VREST are independent of the device area (Figure 3a). Neither ILRS nor
IHRS shows any area dependency (Figure 3b), either. These area independent voltages
(VSET and VREST) and currents (ILRS and IHRS) imply that filament type resistive switching
takes place in Ti/MgFx/Pt devices [23,24].
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After the SET process, charge carriers flowed through the conduction filament (CF)
instead of the whole device area in the LRS. After the RESET process, current contribution
is dominated by thermally activated localized states at the partially ruptured filaments and
not by the bulk layer [23–27].
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3.3.2. Thickness Dependency

The active layer thickness-dependent characteristics were investigated to explore
the location of CF in the Ti/MgFx/Pt memory devices. All the devices with 30, 50, and
70-nm-thick MgFx layers exhibit electroforming-free behavior. Both VSET and VREST are
independent of the active layer thickness (Figure 4a). ILRS does not show any thickness
dependency, but IHRS decreases as the thickness increases (Figure 4b). These thickness
independencies of the voltages (VSET and VREST) and currents (ILRS) imply the filament
type resistive switching of Ti/MgFx/Pt devices and show that CF is forming at the interface
of Ti/MgFx [28].
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The thickness independence of VSET and VREST implies that the voltage drops on
the CF mainly takes place at the electrode/dielectric interface [29]. The thickness of the
interface region does not considerably change for the bulk thickness. The resistive switching
of the device occurs at a local CF type rather than over a whole interfacial area [29–34].

The thickness independence of ILRS is attributed to filament-type resistive switch-
ing [35]. The IHRS decreases due to the increase in the bandgap with the increase of
the active layer thickness causing difficulty of charge carrier movement after the RESET
process [36].

Hence, considering the area and thickness independency of Ti/MgFx/Pt memory
devices, a possible resistive switching mechanism is that the RESET process causes an
incomplete rupture of conductive filaments at the Ti/MgFx interface, and the ensuing SET
process reconstructs the conductive filaments [29–34].

3.3.3. Schematics of Conduction and Switching Mechanism

A typical I-V curve from Figure 1a was replotted as log(I) − log(V) with curve fittings
to determine the conduction mechanism in the resistive switching states of Ti/MgFx/Pt
devices with the results shown in Figure 5. The positive voltage regions in HRS and LRS
are divided into R1, R2, R3, R4, and R5 are shown in Figure 5a. The negative voltage
regions in LRS and HRS are divided into RN1, RN2, RN3, RN4, and RN5 to illustrate the
conduction process, as shown in Figure 5b.

In the low positive voltage region, the slopes of the fitting lines for both HRS (R1: 1.06)
and LRS (R5: 1.11) are close to 1, which implies that ohmic conduction (I ∝ V) dominates
in these regions. As the voltage increases, the slopes of both HRS (R3:2.47) and LRS (R4:
1.96) increase. At higher voltages, the conduction mechanism follows Child’s square law
(I ∝ V2). Additionally, there is a sharp increase of current at the voltage of around +1.25 V.
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The I-V characteristics in the negative voltage region also show a similar pattern (Figure 5b).
These conduction characteristics of LRS and HRS indicate the trap-controlled space charge
limited conduction (SCLC) mechanism [37–40].
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Based on the above analysis, the complete resistive switching mechanism of the
Ti/MgFx/Pt memory device is proposed below, and the step-by-step schematics are shown
in Figure 6.
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Figure 6. Schematics of proposed switching mechanism of Ti/MgFx/Pt memory device. (a) Initial, (b) V < VSET, (c) V > VSET,
(d) V < −|VRESET |, (e) V � −|VRESET |.
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Pristine Ti/MgFx/Pt devices contain a considerable number of intrinsic defects in the
form of F−1 vacancies in bulk MgFx active layer. A small number of extrinsic defects is
also present on the surface of the active layer in the form of O–H groups. As a result, the
interface region has a different chemistry than the bulk MgFx for defect formation and
ultimately produces stochastic defects [21]. All defects (intrinsic and extrinsic) are regarded
as traps in Ti/MgFx/Pt devices. (Figure 6a).

When a positive voltage is applied, the traps control the SCLC. In the lower voltage
region (R1), the injection of electrons is very low. As a result, the conduction is largely
dominated by free carriers thermally generated inside the MgFx film.

As the bias voltage goes up, the injection of electrons becomes high. The injected
electron concentration gradually surpasses the equilibrium electron concentration in the
film and dominates the current conduction in the device. When the voltage reaches near
VSET, the injected electrons are partly captured by the traps in the MgFx film. Thus, the
charge-trapping process creates the conduction paths through the traps in the bulk of the
MgFx layer from the bottom electrode to the interface (Figure 6b)

The intrinsic (F−1 vacancies) and extrinsic (O–H groups) defects are confined rather
than uniformly distributed at the interface. These defects are mostly produced at grain
boundaries in the amorphous MgFx active layer. Grain boundaries act as preferred conduc-
tion pathways for vacancies, accumulating more effortlessly at the electrode and altering
the potential barrier at the electrode/oxide interfaces [12,22,41]. During the SET process,
fluoride ions move from the grain boundaries to the top electrode (Ti) due to the applied
voltage. The forming and migrating energies of fluoride vacancies in MgFx are approxi-
mately 1.44 eV and 0.85 eV [42], which are lower than those of other RRAM devices based
on oxygen vacancies [43].

When a positive bias voltage is applied, the O–H groups disassociate into differently
charged species (O2−and H+). This process causes an increase in the conductivity of the
interface region [20,22].

At VSET, localized CF is formed with the combined contribution of fluoride vacancies,
oxygen vacancies, and protons in the interfacial region between the Ti and MgFx layers [28].
As a result, the device resistance state switches from HRS to LRS (Figure 6c).

In the LRS state, O–H group-related defects improve electron hopping by providing
additional hopping paths in the surrounding Ti/ MgFx interface. However, far from the
interface, the hopping mechanism remains unaffected in most of the bulk MgFx. Therefore,
ILRS barely increases and remains constant with thickness variation [21]. As the positive
voltage sweeps back, most of the injected electrons are free carriers due to the occupied
traps and the device maintains LRS.

When a negative voltage is applied at VRESET, fluoride ions and oxygen ions migrate
back to the CF and gradually recombine with the vacancies. As a result, the CF in the
interface is ruptured [44,45]. O2− and H+ form O–H groups and attach to Mg2+ sites.
The absorption of O–H groups in Mg2+ sites is a reversible process [17–20]. Thus, O–H
group-related traps also decrease during negative bias. Consequently, the MgFx active
layer becomes resistive, and the overall device resistance state gradually changes from LRS
to HRS (Figure 6d).

As the negative voltage increases further, de-trapping of the electrons becomes notice-
able. Conduction paths in bulk MgFx are damaged by the charge de-trapping process. The
trapped electrons bounce back through the fluoride-related traps of the MgFx layer from
the interface to the bottom [4,13]. As a result, the resistance state of the device switches to
HRS, following the trap-controlled SCLC mechanism (Figure 6e).

4. Conclusions

A magnesium fluoride (MgFx)-based nonvolatile resistive switching memory device
demonstrating electroforming-free, bipolar switching characteristics was successfully fab-
ricated by employing Ti and Pt as top and bottom electrodes, respectively. The device
exhibits a stable resistive switching property with data retention of >104 s with an on/off



Micromachines 2021, 12, 1049 9 of 10

ratio > 102. The resistive switching mechanism is explored by thorough structural and
compositional analyses of MgFx thin films and performance analysis of the device with
size and MgFx thickness variations.

A sufficient amount of fluoride vacancies in bulk and the existence of O–H group-
related defects at the interface are the sources of the electroforming-free characteristics of
the device. These intrinsic and extrinsic defects are the sources of the resistive switching
mechanism, operating by charge trapping and de-trapping in the bulk amorphous MgFx
layer and by the formation and rupture of CF at the Ti/MgFx interface region.
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