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Abstract: Electroforming and resistive switching in SiO2 materials are investigated by controlling anneal 

temperature, etch time and operating ambient. Thermal anneal in reducing ambient lowers electroforming voltage to 

< 10 V, providing insight into possible electroformation precursors. Conductive filaments form within ~ 4 nm of 

sidewall surfaces in devices with an etched SiO2 layer, whereas most filaments are > 10 nm from the electrode edge 

in devices with continuous SiO2 layers. Switching unpassivated devices fails in 1 atm air and pure O2/N2, with 

recovery of vacuum switching at ~ 4.6 V after switching attempts in O2/N2 and at ~ 9.5 V after switching attempts in 

air. Incorporating a hermetic passivation layer enables switching in 1 atm air. Discussions of defect energetics and 

electrochemical reactions lead to a localized switching model describing device switching dynamics. Low-frequency 

noise data are consistent with charge transport through electron-trapping defects. Low-resistance-state current for < 

1.5 V bias is modeled by hopping conduction. A current “overshoot” phenomenon with threshold near 1.6 V is 

modeled as electron tunneling. Results demonstrate that SiO2-based resistive memory devices provide a good 

experimental platform to study SiO2 defects. The described electroforming methods and operating models may aid 

development of future SiO2-based resistive memory products. 

 

Key Words – silicon oxide, oxide breakdown, nonvolatile memory, resistive memory, unipolar operation, 

electroforming, resistive switching. 
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I. Introduction 

Ongoing research into resistive memory (RM) devices has resulted in many operating models for numerous 

device structures and materials [1-11]. Recent reports describe using SiO2 as the active switching medium in RM 

devices [5, 12-14]. The long history of use in metal-oxide-semiconductor (MOS) technologies warrants further 

investigation of SiO2 for potential use in high-density memory applications. Vacuum electroforming SiO2 materials 

has been achieved using several device architectures, including a vertical device with an exposed sidewall etched 

into the SiO2 layer [12, 15, 16], planar devices with an exposed SiO2 surface [13], devices integrated with a nano-

pillar selection diode [17], and “bulk” devices with a continuous SiO2 layer [18]. Electrical characterization of the 

electroformed device demonstrates switching endurance up to 10
7
 cycles [19], switching speed < 80 ns [16], and a 

resistance ratio approaching 10
8
 under certain programing conditions [20]. Reports show that programed current is 

largely independent of device area and SiO2 thickness [16, 20, 21], indicating that switching occurs in a localized 

region along a conductive filament (CF) [22]. Transmission electron microscopy (TEM) images show a CF 

comprised of disconnected Si nano-crystals ~ 3 – 5 nm in size [6, 16]. Recent in situ TEM studies describe a 

structural transition from a semi-metallic form in the low-resistance state (LRS) to a more disordered, amorphous 

form in the high-resistance state (HRS) [7]. More recently-reported results indicate red and green 

electroluminescence in the LRS and HRS, respectively [6]. Although much work has been done to characterize the 

SiO2 device, many unanswered questions remain surrounding device electroforming and switching. For example, 

unlike most materials, SiO2-based devices exhibit a self-compliant nature that requires no compliance current limit 

to program the device to the LRS. An unusual “backward-scan effect” is observed during electroforming and 

resistive switching (RS) that is not observed in RM devices based on other materials. In addition, only amorphous 

SiO2 [16] and Si-rich SiOx [5, 11] exhibit a unipolar current-voltage (I-V) response where “SET” voltage VS is less 

than or equal to “RESET” voltage VR [22], indicating that RS in silicon oxides is somewhat unique as compared to 

other materials. Interestingly, as the Si content increases to the point where x < 0.8, SiOx-based RM devices exhibit 

“normal” unipolar switching characteristics where VS > VR [11], indicating that the switching mechanisms are 

different in highly sub-stoichiometric devices. Another unusual characteristic of near-stoichiometric devices with x 

~ 2 is that programed states in unpassivated devices are nonvolatile under 1 V constant bias at 150 °C for several 

hours in 1 atm air [23], but a non-oxidizing ambient such as pure N2 or vacuum is required for RS [16, 24].  Only a 

few reports have studied SiO2 electroforming in detail, with results suggesting that the Si-rich CF is formed by 
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oxygen reduction mechanisms [7, 16, 21, 25]. No detailed theoretical studies have investigated the microscopic, 

atomic-scale changes involved in electroforming, and very few reports have addressed the potential electrochemical 

mechanisms responsible for the unusual unipolar switching characteristics [19, 22, 25, 26]. 

Reported herein are electroforming, switching and charge transport results in SiO2 RM devices using different 

fabrication methods, anneal treatments and operating ambients. Thermal anneal in reducing ambient lowers 

electroforming voltage and provides insight into possible electroformation precursors. Controlled etch studies are 

used to determine the physical location of the CF in devices with an exposed SiO2 sidewall and in devices with a 

continuous SiO2 layer. Low-voltage electrical stress provides an efficient method to stabilize device operation after 

electroforming, and data retention measurements at 100 °C indicate good potential for SiO2 RM devices in 

nonvolatile memory applications. Switching is compared in 1 atm air and pure, 20% O2 in N2, where both ambients 

disable RS, but vacuum switching recovery dynamics are considerably different in devices operated in air versus 

those operated in O2/N2. Resistive switching in air is achieved by integrating a hermetic passivation layer [27]. 

Charge transport characteristics in LRS-devices under low bias conditions < 1.5 V are consistent with hopping 

mechanisms, or Mott conduction, and low-frequency noise data suggest that charge transport is through electron-

trapping defects. Data fitting is used to characterize the current “overshoot” observed in LRS-devices, with results 

being consistent with electron tunneling phenomenon that begin to dominate the I-V response at moderate bias ~ 1.6 

V. Discussions of SiO2 defect energetics and electrochemical reactions lead to a model where proton exchange 

reactions are involved in both electroforming and RS. Energy band diagrams based on theoretical bandgaps of 

specific defects are consistent with state transitions in the I-V response, reported electroluminescence results [6], and 

measured electron energy barriers [26], supporting a model where electron tunneling mechanisms initiate both the 

SET and RESET switching transitions. 

 

II. Device Fabrication and Test 

Schematic drawings, a TEM image and secondary electron microscopy (SEM) images of the different device 

architectures fabricated and tested in this work are shown in Figure 1. The metal-insulator-semiconductor (MIS) 

devices with TaN and N+Si electrodes (Figures 1a and 1d) are simple, capacitor-like devices that have been 

described previously [14, 20]. The MIS device fabrication process typically includes an etch step to remove the 

oxide layer from the field regions surrounding the top electrode, thereby forming an SiO2 sidewall (or edge) as 
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labeled in Figure 1. The MIS devices with an etched SiO2 layer are referred to as MIS-edge devices. The metal-

insulator-metal (MIM) crossbar devices (Figures 1b and 1e) used a planarized TiW lower electrode formed using 

chemical-mechanical planarization (CMP) with Si3N4 polish stop layer. A 60 nm-thick SiO2 layer was deposited by 

plasma-enhanced chemical vapor deposition (PECVD), followed by 350 °C, 30-minute N2 anneal. Via openings in 

the SiO2 layer were patterned using photolithography and buffered oxide etch (BOE). A top electrode of 120 nm 

TiW and 900 nm Al was sputter-deposited, patterned and etched using standard wet etchants. A fourth 

photolithography module formed a sidewall in the SiO2 layer between the two electrodes with BOE. Bulk devices 

(Figures 1c and 1f) were fabricated using a lift-off process to form the top electrode without BOE so that a 

continuous SiO2 layer remained in the device [18, 27]. In these MIS-bulk devices, the SiO2 layer was deposited 

using electron-beam evaporation, followed by photoresist spin-coating and photolithography to open regions in the 

photoresist. Metal deposition onto the exposed SiO2 regions was then done by either sputtering or electron-beam 

evaporation, followed by photoresist removal to lift-off the metal in field regions and form the electrodes. As 

described in recent work [27], at this point in the fabrication sequence MIS-bulk devices are electroformed in 

vacuum followed by SU8 spin-coat and cure to provide a hermetic passivation layer that enables device operation in 

air, which is a key milestone helping to demonstrate the commercial viability of SiO2 RM. Rapid thermal anneal 

(RTA) was done in an AG Associates Heatpulse 610 RTA. A Lake Shore Cryotronics vacuum probe chamber (< 1 

mTorr) and Agilent B1500A device analyzer were used to electroform devices and measure DC I-V response, and a 

model DSO90254A digital oscilloscope was used to store data during low-frequency noise measurements. 
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Figure 1. Cross-section schematics of three RM device architectures used to investigate electroforming and RS in 

amorphous SiO2 materials: (a) MIS-edge device with exposed SiO2 sidewall; (b) TiW MIM crossbar with exposed 

sidewall; (c) Passivated MIS-bulk device with continuous SiO2 layer; (d) TEM cross section of MIS-edge device; 

(e) SEM top-down (upper) and cross-section (lower) images of TiW MIM device; and (f) SEM cross-section of 

passivated MIS-bulk device. 

 

III. Experimental Results 

Electroforming results are first presented for the three device structures shown in Figure 1, followed by a 

controlled etch study that identifies the location of the CF in devices with and without a SiO2 sidewall. An efficient 

post-electroforming conditioning method and data retention thermal stress measurements are presented and 

discussed. Ambient effects on device switching are presented, followed by low-frequency noise measurements that 

suggest charge transport through electron-trapping defects. 

 

III.A. Electroforming 

Electroforming is the critical process determining the switching properties and operating characteristics of RM 

devices [8]. One SiO2 electroforming method is to apply a forward voltage sweep until current fluctuations of 1 – 10 

µA are induced, followed by a reverse sweep to 0 V (Figure 2a). Achieving current fluctuations of at least 1 µA is a 

clear indication that a device will successfully electroform [16, 25]. Electroforming voltage VEF is defined as the 
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voltage where current first reaches 1 µA. Oxide breakdown (BD) in MOS devices is also associated with current 

fluctuations of ~1 µA [28, 29]. As discussed further in the modeling sections, this suggests that electroforming may 

be initiated by similar BD events. During the reverse sweep, negative differential resistance is observed where 

current increases with decreasing bias until a LRS is established with 10 – 100 µA typically being measured at 1 V. 

This “backward-scan effect” typically occurs at ~ 5 – 7 V during the reverse voltage sweep and signifies a SET 

transition to the LRS. This effect can also occur during RS and represents an unusual characteristic of SiO2 that is 

not present in other RM materials [7, 18]. As discussed further below, the voltage dependencies of the SET and 

RESET transitions may lead to the backward scan effect. Electroforming requires no current compliance limit and is 

a one-time event after which the device operates as a reversible resistive switch. 

 

 

Figure 2. Electroforming results for devices having a sidewall edge. (a) Electroforming sweeps for 4 devices with 

SiO2 materials deposited using: (1) thermal oxidation (30 nm); (2) e-beam evaporation (47 nm); (3) PECVD (60 

nm); and (4) e-beam (51 nm) with 5-minute, 500 °C RTA in 4% D2/N2. (b) Average electroforming voltage VEF 

versus PDA temperature and ambient for 5-minute RTA of ten Al / 50 nm e-beam SiO2 / N
+
Si devices at each 

condition with ± 3 V standard deviation bars. 

 

The VEF is strongly dependent on SiO2 deposition methods with thermal oxide requiring high VEF ~ 30 V (Figure 

2a, #1), most likely due to its high-temperature growth process that produces a high-quality layer with low defect 

density. As a result of the low as-deposited defect density, high electric fields ~ 1 V/nm, equivalent to 10 MV/cm, 

are needed to increase defect levels above a critical threshold for electroforming. Lower VEF ~ 15 – 20 V is needed 
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for materials deposited at lower temperature including physical vapor deposition [24, 30], e-beam evaporation 

(Figure 2a, #2), and PECVD (Figure 2a, #3). Low-temperature oxides are typically rather porous and susceptible to 

moisture uptake when unpassivated and exposed to air [31-36], thus making it necessary to consider H2O-related 

defects as part of any investigation into potential electroforming and RS mechanisms, as discussed further below. 

Thermal anneal in 4% H2 or D2 in N2 reduces VEF to < 10 V in e-beam oxide (Figure 2a, #4). Possible reasons 

explaining why H2 and D2 anneal lowers VEF are discussed below. Under certain oxide deposition and fabrication 

process conditions, devices can even be “auto-formed” where RS capability is observed immediately after 

fabrication so that a separate electroforming process is not required [22]. The detailed mechanisms responsible for 

auto-forming are still under investigation and will be described in future reports. 

Anneal ambient and temperature effects on VEF are shown in Figure 2b. As compared to VEF = 21 ± 3 V in control 

devices with no post-deposition anneal (PDA), anneal in pure N2 at 400 °C and 500 °C increased VEF by nearly 

100% to ~ 40 V, presumably due to densification of the SiO2 layer and removal of electron traps and other 

electrically-active defects [37]. The lowest VEF values of < 10 V were found in the range of 400 – 500 degrees C for 

PDA in D2/N2 and H2/N2 ambients, representing a decrease of over 50% as compared to the control. The 

convergence of data at 600 °C is not fully understood, although it must be noted that 600 °C is above the typical 

anneal temperature for devices with Al electrodes, where grain growth and hillock formation in the Al can occur 

[38]. The values of VEF ~ 18 V for 600 °C anneal are, however, consistent with reported values for devices with 

similar SiO2 thickness after 10-minute, 600 °C vacuum (140 mTorr) anneal, where the decrease in VEF as a result of 

the anneal was attributed to an increase in conduction, most likely due to higher defect levels near the oxide sidewall 

surface [16].  

 Using a “forming gas” reducing anneal to electrically passivate SiO2 materials and their interfaces is common 

industry practice where typical furnace anneal process settings are 30 minutes at 350 – 450 °C in 10% H2/N2 [39-

41]. This terminates structural defects such as Si dangling bonds and oxygen vacancies with H to form SiH and 

(SiH)2, respectively [42, 43]. While prolonged anneal time can increase SiO2 density by promoting Si-O cross 

linkage [37], the short 5-minute RTA used here should effectively terminate as-deposited defects with H without 

significant densification of the SiO2 layer. This experiment was part of a larger study comparing effects on VEF by 

PDA and a post-metalization anneal (PMA) done after sidewall etch, where it was found that both PDA and PMA in 

H2 (or D2) effectively reduced VEF but that PDA had a stronger effect [25]. These results are interpreted as meaning 
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that PDA is more effective at passivating the as-deposited defects with H and preserving the defects throughout the 

remainder of the fabrication process. The substantially lower VEF when using reducing anneal (Figure 2) clearly 

indicates that less energy is required to electroform the device and points directly to the SiH and (SiH)2 defects as 

potential electroformation precursors. 

Vacuum electroforming most devices requires an exposed sidewall or surface in the SiO2 layer [12, 15, 16], 

although recent work demonstrates that electroforming is possible in some device types having a continuous SiO2 

layer [18, 27]. Figure 3 shows an electroforming I-V plot for a “MIS-bulk” device formed within a continuous SiO2 

layer (Figure 1c). In general, bulk device electroforming has lower yield and requires higher VEF as compared to 

devices with an exposed sidewall [18]. Anneal of bulk devices in H2 or D2 is found to decrease VEF by ~ 8% [18], 

not as large as the ~ 50% decrease observed in sidewall devices (Figure 2). Also, H2 and D2 anneal of bulk devices 

both improve electroforming yield and stabilize switching performance [18]. At this point in time, the only 

fabrication approach yielding working bulk devices uses a lift-off process to fabricate the top electrode, and the only 

oxide material successfully used in bulk devices is e-beam-deposited SiO2. In the lift-off process, photoresist is 

patterned to form openings that expose the SiO2 layer to the developer chemical and de-ionized H2O rinse prior to 

metal deposition and photoresist removal. The high porosity of the e-beam material and additional H2O exposure 

during the lift-off process may be important reasons why the combination of lift-off process and e-beam material 

successfully yields working bulk devices. As discussed further below, the lower density of e-beam SiO2 may allow 

any O
2-

 ions generated during the electroforming process to readily diffuse away from the filament or drift to an 

electrode where the ions can react and be neutralized. In addition, porous e-beam SiO2 may have a high density of 

“pinholes,” which are thread-like, low-density structural defects known to increase oxide leakage current [44]. In 

this case the pinhole (or other defective region) with the highest initial leakage current will lead to CF formation in 

bulk devices. Furthermore, metal electrode deposition in the lift-off process is done at low temperature (to protect 

the photoresist) after exposure of the SiO2 layer to H2O during photoresist development, the combination of which is 

likely to result in a large amount of OH and other H2O-related defects at the metal/SiO2 interface [34, 45-53]. 

Pinhole defects may act similar to a surface where H2O, OH or atomic H can diffuse deep into the SiO2 layer, thus 

providing a source of reactive species during electroforming that lead directly to the defects responsible for RS. 
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Figure 3. Bulk device electroforming I-V plot for 

a TaN/e-beam oxide (51 nm)/N+Si MIS-bulk 

device with 5-minute, 500 °C RTA in 4% D2/N2. 

Dashed line marks VEF = 13.4 V. 

 

Controlled etch studies were used to identify the physical location of the CF. A collection of un-passivated 

devices having both MIS-edge and MIS-bulk architectures (Figure 1) were first electroformed and operated in 

vacuum for multiple switching cycles. One-half of each device type were programed to the LRS and one-half to the 

HRS. Device SiO2 layers were then etched at a rate of ~ 0.2 nm/sec in dilute HF (1:100 HF:H2O) for various etch 

times and device state was measured after each etch step. A device state change indicated that the CF was attacked 

by the etchant, providing an estimate of the lateral depth into the SiO2 layer where the CF was located. Figure 4 

shows experimental results for 10 bulk devices and 10 sidewall devices. Most CFs in bulk devices are located more 

than 10 nm from the electrode edge since only one of the bulk devices was attacked by etching to a depth of 5 nm. In 

contrast, all CFs are within 10 nm of the sidewall with ~ 50% located within ~ 4 nm of the original sidewall surface 

in devices with an etched sidewall. 

As discussed in more detail below, these findings support the view that O2 and H2O are in the immediate vicinity 

of the CF whenever un-passivated devices are exposed to an air environment. The findings that only low-density, 

porous SiO2 materials support electroforming in bulk devices, the propensity for devices with an exposed sidewall 

edge to readily electroform, and the Figure 4 results showing that the CF forms very near the sidewall edge in 

sidewall devices clearly support the argument that water-related and hydrogen-complexed defects must be 

considered in any meaningful investigation into SiO2 electroforming and RS. 
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Figure 4. Fraction of CFs remaining intact after 

dilute HF etch to various depths. 

 

Immediately after the electroforming process, LRS current is typically observed to increase when the device is 

continuously cycled between LRS and HRS. For example, Figure 5a shows that LRS current measured at 0.2 V 

increases as the number of voltage sweeps to 2 V increases, eventually reaching a saturation level after about 40 – 

50 sweeps. This implies that the device may require 40 – 50 programing cycles in order for the LRS current to 

stabilize, but such extended conditioning cycles would not be desirable in a manufacturing setting. To investigate 

methods to reduce or eliminate the need for such conditioning cycles, room-temperature constant-voltage stress 

testing was done on MIM devices immediately after electroforming (Figure 5b). In these tests, voltage VStress was 

applied for 1000 seconds and device current was measured after each second by applying a 2 V, 100 µs pulse. For 

VStress = 1.75 V, the current continues to increase over a time scale of 100s of seconds, indicating that the device 

resistance was not stable during the test. As VStress increased, device current increased more quickly towards the 

saturation current of ~ 4 mA. For VStress = 3 V, the current saturates almost immediately after VStress is applied, thus 

indicating that constant voltage stress at 3 V provides a fast and efficient conditioning process to achieve a fully-

saturated, electrically-robust CF in the LRS. Data retention of MIM devices was measured at 100 °C for 3,500 

seconds (Figure 5c), where programed states were stable in the LRS and in multiple HRS conditions. Figure 5c also 

demonstrates the “stop voltage effect” where read current at 0.2 V progressively reduces as RESET stop voltage 

(SV) increases from 6 to 12 V. The efficient conditioning process and robust retention data are encouraging results 
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regarding potential use of SiO2-based RM in future nonvolatile memory applications. 

 

  

Figure 5. MIM device states in vacuum: (a) six different devices measured at 0.2 V after a series of sweeps to 2 

V; (b) four devices with current measured periodically at 2 V throughout a 1000-second stress time as a function 

of stress voltage VStress; and (c) current measured at 0.2 V during 100 °C thermal stress for five devices programed 

to the LRS and several intermediate states using different stop voltage (SV). 

 

III.B. Resistive switching 

In this section the unipolar switching characteristics of SiO2 RM devices are briefly reviewed, the stop voltage 

effect is investigated and the results of operating devices at 1 atm pressure in air versus pure O2/N2 are compared. 

Many different electrode materials and SiO2 deposition methods have successfully been used to achieve RS in the 

three device architectures shown above in Figure 1, and many detailed switching characterization results have been 

previously reported [14, 18, 20, 22-24, 26]. 

 

III.B.1 Switching Characteristics 

The switching I-V plots in Figure 6 show that devices are programed using a single voltage polarity (unipolar 

operation) with a 3.2 V forward/reverse sweep used to SET the device in Figure 6a to a LRS, and a 4.5 V forward 

sweep to RESET the device to a HRS. The HRS/LRS resistance ratio for this device is ~ 10
5
 based on the measured 

HRS and LRS resistances at 1 V. During the SET forward/reverse sweep, the transition from HRS to LRS occurs at 

VS = 2.60 V. The SET sweep continues to 3.2 V, and the LRS is clearly observed during the reverse portion of the 

sweep back to 0 V. It may be noted that a forward/reverse voltage sweep is not required to SET the device, as shown 

by the forward SET sweep in Figure 6b. In fact, a voltage pulse with magnitude VPULSE can be used to SET the 
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device as long as VS < VPULSE < VR. The RESET voltage can be either a pulse or a forward sweep. In both cases, after 

the maximum voltage is applied, the RESET voltage waveform must have a fast transition to 0 V so that the device 

will remain in a HRS. For example, if a forward/reverse voltage sweep is applied where the reverse portion of the 

sweep to 0 V is not sufficiently fast, the device will transition to the LRS and the RESET programing event will be 

unsuccessful. This phenomenon is referred to as the “backward-scan effect,” and has been investigated in detail in 

previous reports [18]. 

The VS and VR switching transitions depend on device materials, programing voltages and the series resistance in 

the test circuit. The programing window, defined as VR – VS, increases with increasing series resistance [22, 54], and 

is VR – VS = 4 – 2.6 V = 1.4 V for the MIM sidewall device in Figure 6a. The series resistance RS in this device was 

235 Ω as determined by the resistance of the TiW trace connecting the lower electrode in the crossbar architecture 

(Figure 1b), which had measured sheet resistance of 1.835 Ω/square and contained 125.2 squares, and the Al/TiW 

trace connecting the top electrode with 0.12 Ω/square sheet resistance and 43.2 squares. RESET current IR is often 

the maximum current measured from the I-V curve. In Figure 6a, the voltage drop across RS is IR × RS = 0.0054 A × 

235 Ω = 1.27 V, meaning that the actual RESET voltage VR’ across the CF is VR’ = VR – IR × RS = 2.73 V, which is 

very near the SET voltage of VS = 2.6 V so that VR’ ≈ VS. This demonstrates how RS can be designed to provide the 

desired programing window. 

Bulk devices electroformed in vacuum (Figure 3a) can be passivated with a hermetic, epoxy-based SU8 

photoresist (Figure 1c) to achieve operation in 1 atm air, as shown in Figure 6b, although neither passivated bulk nor 

sidewall devices have yet been electroformed in air using existing methods [27]. The electrode in this device was 

covered entirely by the SU8 passivation, and a probe needle was inserted through the SU8 layer to contact the 

electrode during electrical test. The MIS-bulk device in Figure 6b is SET using a 4.5 V forward sweep and RESET 

by an 8 V sweep, and has a resistance ratio of ~ 10
7
, substantially larger than the MIM sidewall device as a result of 

the higher RESET voltage of 8 V. 

The RESET voltage sweep to 8 V shown in Figure 6b illustrates that large fluctuations are often observed for 

applied voltages > VR (~ 5 V in this device). The voltage in this region of the I-V response is large enough so that 

both SET and RESET transitions can occur, leading directly to large variations in current. However, it is clear that 

the RESET mechanism dominates over the SET mechanism since the programed device resistance increases as 

RESET voltage increases, which is the so-called “stop voltage effect” as described below. 
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Although the switching characteristics of the two devices in Figure 6 are similar, there are several notable 

differences: the LRS current at 1 V of the bulk device is almost 100 times smaller than that of the sidewall device; 

the SET transition at VS is stepped in the bulk device whereas it is very sharp in the sidewall device; and the 

programing window is considerably larger in the bulk device (2.4 V) as compared to the sidewall device (1.4 V). 

These differences are attributed to a more tenuous CF and overall higher RS in the bulk device. As described in more 

detail in a recent report [22], more O
2-

 ions may be able to escape into the vacuum when electroforming sidewall 

devices, whereas bulk oxide layers may trap more O
2-

 ions within the SiO2 layer that re-oxidize portions of the CF as 

it is being formed, thus resulting in larger VEF and higher internal filament resistance in bulk devices. 

 

 

Figure 6. Switching I-V response for: (a) MIM sidewall device with TiW electrodes, 60 nm PECVD SiO2, VS = 

2.6 V, VR = 4.0 V, switching in vacuum; and (b) MIS bulk device with 51 nm e-beam SiO2, Pd/Si electrodes, SU8 

passivation, VS = 2.53 V, VR = 4.97 V, switching in 1 atm air. 

 

In general, a wide range of resistance states can be programed during the RESET process, where device resistance 

increases as applied voltage increases, which is referred to as the “stop voltage effect.” Figure 7 describes the results 

of varying RESET stop voltage from 5 V to 12 V in 1 V increments in order to investigate the relationship between 

SET voltage VS and programed HRS resistance RHRS. A forward voltage sweep up to the stop voltage was used to 

RESET the device to the HRS, and a forward/reverse voltage sweep to 3.8 V was used to SET the device to the 

LRS. A total of 80 programing cycles were done on a single MIM device, with 10 cycles done at each stop voltage 

value. As expected, there was no dependence of LRS Resistance RLRS on stop voltage, where RLRS was determined 

from the measured I at 1 V. Following the convention used in Ref. [55], RHRS ≡ VS / IS, where IS is the current 
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measured immediately prior to VS in the I-V response (see Figure 6). Both the VS and the HRS Resistance data show 

increasing trends with stop voltage in Figure 7a, indicating that these variables are correlated. The scatter plot in 

Figure 7b confirms that VS is strongly correlated with RHRS. As discussed further below, this correlation is similar to 

results found for HfO2 materials operating in unipolar mode, and is consistent with a cell-based percolation model of 

the CF [55]. 

 

 

Figure 7. Effects of varying RESET Stop Voltage showing: (a) SET voltage VS (circles), HRS Resistance (squares) 

and LRS Resistance (triangles) versus Stop Voltage; and (b) VS versus HRS Resistance, RHRS. In (a), dashed line is 

linear fit to VS data, solid line is exponential fit to HRS Resistance data, and dotted line is polynomial fit to LRS 

Resistance data. In (b), dashed line is logarithmic fit to VS data. 

 

III.B.2 Ambient Effects on Resistive switching 

Ambient gas effects on electroforming and RS have been previously reported for TaN/SiO2/N
+
Si MIS-edge 

devices with 60 nm SiO2 deposited by reactive sputtering [24]. Electroforming in 1 atm N2 produces devices with 

operating characteristics similar to devices electroformed in vacuum, although VEF was found to be significantly 

larger in N2 (~ 20 V) versus vacuum (~ 8 V). The higher forming voltage in N2 could be the result of the larger 

convective heat dissipation by the 1 atm ambient as compared to that of vacuum, which could indicate that 

electroforming generates high local temperatures near the filament as it is formed, consistent with views that 

localized heating is necessary for successful electroforming [7, 16]. A study of RS capability as a function of 

pressure in 20% O2/N2 ambient characterized an O2-induced failure mode where switching is disabled for pressures 

above 10 Torr (2 Torr O2 partial pressure). Interestingly, full recovery of RS occurred after the device was cycled at 

~ 1 mTorr [24], as explored in more detail below. 
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Table I lists experimental results investigating the effects of air and pure O2/N2 on switching capability of TiW 

MIM devices (Figure 1b). Averaged I-V data are shown in Figure 8 and demonstrate the effects of operating in 

oxygen-containing ambients. A set of 28 devices were first electroformed and cycled 10 times in vacuum at ~ 0.1 

mTorr. Each cycle used a 3.5 V forward/reverse DC voltage sweep to SET the device to the LRS, followed by an 8 

V sweep to RESET to the HRS. Half of the devices were left programed to a LRS and half to a HRS. Two sets of 14 

devices, each having 7 devices in the LRS and 7 in the HRS, were then given an 8 V RESET sweep and cycled 5 

times at 1 atm pressure with one set being operated in air and the other in a high-purity 20% O2/N2 mixture. 

Regardless of ambient, all devices failed to switch after the first 8V sweep. As shown in Figure 8a, LRS devices 

exhibit a peak in current near 2.5 V followed by a substantial drop in current at ~ 3 V, which are consistent with a 

typical RESET I-V response for devices with low series resistance. As voltage increases to > ~ 4 V, the LRS devices 

operated in air begin to depart substantially from those operated in O2/N2, where the devices operated in air 

consistently showed a significant reduction in current at 4.4 ± 0.6 V, as compared to the LRS devices operated in 

O2/N2 that had a much more gradual current reduction in the voltage range from 4 – 7 V. The devices previously 

programed to the HRS in some cases made attempts to switch to the LRS at ~ 3 – 4 V when operated at 1 atm, but 

none of the devices were successfully programed to the LRS. After the first 8 V sweep in 1 atm ambient, the 28 

devices were cycled 5 times and showed no ability to switch state. These results indicate that both the SET transition 

at ~ 2.5 V and the RESET transition are disabled by O2, consistent with the hypothesis that the defects responsible 

for RS are hydrogen-passivated and inert to reactions with O2 and H2O in the air [19, 24]. Filaments are thus capable 

of robust read endurance for several hours when biased to 1 V in air at temperatures up to 150 °C [23], but when the 

bias increases to above ~ 2.5 V, a switching event occurs and H-passivation is temporarily lost so that defects in the 

CF can react with O2 and H2O. 

After attempts to operate in 1 atm ambient, the devices were placed back into vacuum to observe their recovery 

dynamics by applying a first sweep to 8 V followed by 5 switching cycles. All devices exposed to O2/N2 recovered 

vacuum switching capability immediately after the first 8 V sweep, where a marked increase in current was 

measured at 4.6 ± 0.8 V as shown in Figure 8b. In stark contrast, RS was not recovered in any of the devices 

exposed to air, even after the 8 V sweep and the 5 programing cycles. The average of all six 8 V sweeps per device 

for the 14 devices exposed to air is shown by the dotted line in Figure 8b, which is featureless without any of the 

current increases observed in devices exposed to O2/N2. The 14 devices exposed to air were then subjected to an 8 V 
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forward/reverse sweep in an attempt to recover vacuum switching capability. If this sweep was not successful, a 

forward/reverse sweep to 8.5 V was done, and so on in 1/2 V increments until the device recovered. The averaged 

data for these forward/reverse vacuum recovery sweeps are shown by the solid line in Figure 8b. The average 

voltage needed to recover the 14 air-exposed devices was 9.5 ± 0.8 V (Table I). Both sets of devices were then 

cycled again in vacuum for 5 cycles in order to verify recovery of switching capability, where Figure 8c 

demonstrates that both sets of devices fully recovered and followed the characteristic RS I-V response. 

These results for near-stoichiometric SiO2 layers are the exact opposite of results found for highly sub-

stoichiometric SiOx layers with x < 0.75, where device switching is severely degraded when operated in vacuum, but 

when operated in oxygen-containing ambients the I-V characteristics show the usual unipolar response with VS > VR 

[56]. The RS model described by Wang et al. provides a reasonable explanation for switching in sub-stoichiometric 

SiOx layers, where a percolation model involving un-passivated Si dangling bonds is proposed to account for high 

current in the LRS and passivation of Si dangling bonds by oxygen is thought to RESET devices to the HRS [56]. 

The contrasting results shown in Figure 8 and the unusual unipolar response with VS < VR (Figure 6) clearly indicate 

that RS mechanisms are different for the near-stoichiometric SiO2 layers used here as compared with the sub-

stoichiometric SiOx layers characterized by Wang et al. 

It has been determined using density functional theory (DFT) calculations that O2 molecules react with Si-Si 

oxygen vacancies to form peroxy defects (SiOO
+
Si) at room temperature without any activation energy barrier, 

where the exothermic reaction with the positive-charged vacancy releases 4.5 eV [45]. This may indicate that 

switching is disabled in O2/N2-exposed devices by peroxy-like defects where O2 attacks the CF as soon as a bias > 

2.5 V is applied so that a switching event creates an un-passivated Si atom. In this case applying a bias > 4.5 V in 

vacuum may provide enough energy to remove O2 from the peroxy-like defect and re-establish switching capability. 

The recovery of vacuum switching capability occurs at ~ 4.6 V in devices exposed to O2/N2 (Figure 8b), consistent 

with removal of O2 from a peroxy-like defect. This same mechanism could be responsible for the large drop in 

current at ~ 4.4 V when LRS devices fail during the first 8V sweep in air (Figure 8a), where the removal of the 

peroxy-like defect could then allow H2O to attack the defect. Clearly, exposure to O2 and H2O in air affects the CF 

differently than exposure to O2 alone, and a larger bias of ~ 9.5 V is required to recover devices cycled in air, as 

demonstrated in Figure 8b. Apparently, attack of the CF by H2O forms defects that are considerably more stable 

than the peroxy-like defects formed by reaction with O2. These results clearly demonstrate that both O2 and H2O are 
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in the immediate vicinity of the CF whenever (unpassivated) sidewall devices are exposed to air, which is not 

unexpected since the CF is located within several nm of the sidewall surface (Figure 4). Hydrogen-passivated Si is 

remarkably inert to attack by O2 and H2O [57, 58], so that a reasonable explanation for the experimental results is 

that the CF is comprised of defects that are H-passivated in both the LRS and HRS, except when a switching event 

occurs and H passivation is temporarily lost. 

 

Table I. Summary of experiment exposing MIM devices to 1 atm of O2/N2 or air. 

Ambient 

(1 atm) 

# of 

Devices 

1 atm Failure 

Voltage
1
 

Vacuum Recovery 

Voltage
2
 

20 % O2/N2 14 4 – 7 V 4.6 ± 0.8 V 

Air 14 4.4 ± 0.6 V 9.5 ± 0.8 V 

1
 for the 7 devices in each ambient programed to the LRS 

2
 after operating 14 devices in 1 atm ambient 

 

  

Figure 8. (a) First 8V sweeps in 1 atm ambient (after vacuum electroforming and cycling), averaged for 7 LRS 

MIM devices in 20% O2/N2, 7 HRS devices in 20% O2/N2, 7 LRS devices in air, and 7 HRS devices in air. (b) 

Averaged I-V response in vacuum after operating attempts in 1 atm ambient. The average of 14 first 8 V sweeps 

under vacuum for devices previously cycled in O2/N2 indicate recovery of RS at 4.6 ± 0.8 V (square symbols). 

Eighty-four 8 V vacuum sweeps were averaged for the devices cycled in air without recovery (dashed line). 

Devices cycled in air recovered after forward/reverse sweeps to an average value of 9.5 ± 0.8 V with one device 

requiring 11 V (solid line). (c) Average of 3 vacuum RS cycles from each of the 14 devices exposed to 1 atm 

O2/N2 (42 curves, solid line) and air (42 curves, dashed line) after vacuum recovery, indicating a characteristic 
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unipolar response. 

 

III.C. Low-Frequency Noise Measurements 

The noise signature of electronic devices can provide key information regarding the defects involved in charge 

transport. As shown in Figure 9, low-frequency (f < 10 kHz) noise measurements were performed on a set of 10 TaN 

MIS devices under DC bias of 0.1, 0.4, 0.8, 1.2 and 2.5 V. Five devices were programed to the LRS and five to the 

HRS prior to the experiment. The power spectral density was estimated using Welch’s modified periodogram 

method [59]. Data analysis methods similar to those described in Ref. [60] were implemented here using an Agilent 

B1500A semiconductor device analyzer and digital oscilloscope for data storage. No significant trends were 

observed with DC bias. After normalizing the power spectral density data to its noise base, the data in Figure 9 

reveal a 1/f noise signature in the LRS and a 1/f
 2

 response in the HRS. The 1/f response indicates that a large 

number of defects are involved in LRS charge transport, whereas the 1/f
 2

 signature indicates transport through a 

very small number of electrically-active defects in the HRS [61, 62]. Investigations of random telegraph noise 

(RTN) and temporary RTN in MOS devices have associated similar noise signatures with transitions between 

switching charge-state energy levels and related structural relaxations of electron-trapping defects [63-65]. As a 

result, the noise measurements in Figure 9 support a model where the defects involved in charge transport are 

electron-trapping defects. 

 

  

Figure 9.  Normalized noise power spectral density 
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measurements for 5 TaN MIS devices set to the LRS 

and 5 devices set to the HRS. Green line is 1/f trend 

and red line is 1/f
 2
 trend. 

 

 

IV. Device Operating Models 

The motivation for this study was to determine whether interactions between known SiO2 defects could provide 

plausible electroforming and RS models. Based on the experimental observations described above, it is clear that 

electroformation products must have at least three key properties: 1) they must be stable under moderate bias (V < 2 

V) when exposed to ambient air; 2) they must be capable of reversible RS; and 3) electroformation products must 

have energetics that match the unipolar I-V response. The sub-sections below first present a conceptual physical 

model of the conductive filament, followed by a brief review and discussion of SiO2 defects to help identify 

candidate electroforming products having the above key properties. The electronic and electrochemical 

characteristics of candidate defects are then used to formulate electroforming and RS models that are further 

demonstrated to be consistent with the prominent features in the I-V response. Electron energy band diagrams are 

constructed for the LRS and HRS in order to further quantify potential RS mechanisms. Charge transport modeling 

provides support for the proposed RS models. Finally, many of the unusual operating characteristics observed in 

SiO2 RM devices are explained by the electroforming and RS models. 

 

IV.A Physical Model of Conductive Filament 

The fact that both electroforming (Figures 2 and 3) and oxide BD [28, 29] are associated with a threshold current 

of ~ 1 µA leads to the question of whether oxide breakdown mechanisms may play a direct role in SiO2 

electroforming. Oxide BD is generally recognized as being the result of accumulated point defects created by current 

flow through the oxide, leading to electron traps at interfaces, traps in the SiO2 bulk and anomalous positive charge 

[66]. Multiple mechanisms are thought to occur during oxide degradation and BD, including: hot electron and hole 

injection having threshold energies ranging from 2 to 9 eV; oxide band-gap impact ionization that can occur above ~ 

9 eV; a process attributed to either anode hole injection or hydrogen release at ~ 5 eV and below; and trap creation 

involving atomic hydrogen at ~ 2 eV [66]. Despite over half a century of research into the electrical properties of 
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SiOx materials, the detailed microscopic mechanisms responsible for oxide BD and MOS device degradation 

continue to be vigorously debated [63, 66, 67]. According to most models, BD occurs when a critical density of 

point defects forms a percolation pathway of electron traps within the dielectric [66]. 

Most explanations of electroforming in SiOx materials describe the Si-rich CF as being formed primarily by 

oxygen reduction mechanisms [5, 7, 11, 16, 21, 25, 56, 68]. In oxide layers with thickness greater than 10 nm, such 

as those used here, electrons injected by Fowler-Nordheim (F-N) tunneling into the oxide conduction band are 

believed to reach steady-state conduction with average energy of ~ 6 eV when the electric field is in the range of 8 – 

12 MV/cm [66]. High-energy electron impacts can presumably break Si-O bonds to release O
2-

 ions and form Si-Si 

oxygen vacancy defects, leading to a percolation pathway that contributes to oxide breakdown when a critical defect 

density is reached [66]. The electric fields for the un-annealed and N2-annealed devices in Figure 2 range from 2.5 – 

9.7 MV/cm, so that it is reasonable to expect that similar percolation pathways are created by the electroforming 

process during the forward voltage sweep. In contrast, all devices in Figure 2 that were treated with H2- or D2-

containing anneal electroform within a lower range of electric fields from 1.0 – 2.0 MV/cm, indicating that the 

introduction of H or D into the SiO2 layer reduces the energy needed for electroforming. As discussed briefly above, 

during reducing anneal as-deposited Si-Si defects are terminated by H to form Si-HH-Si, or (SiH)2 [42, 43]. The H-

bridge defect, Si-H-Si, can potentially provide a low-energy pathway for oxygen reduction [25]. The Si-H-Si defect 

is readily formed by charging the (SiH)2 defect positive, which brings the two H atoms closer together and increases 

the probability for H2 dissociation and proton release [43, 69]. Once formed, Si-H-Si can potentially promote the 

oxygen reduction reaction by forming its positive-charged interconversion product [25], where one of the Si atoms 

back-bonds to a network oxygen atom to form SiH+SiO(3)
+
 [43]. The 3-fold-coordinated O atom in this 

configuration is likely able to diffuse away [43], leaving behind the original Si-H-Si and a newly-formed Si-Si 

defect. This low-energy oxygen reduction mechanism may be one reason that H- and D-containing anneals 

significantly reduce VEF. Another reason why reducing anneal lowers VEF could be that Si-H-Si is directly involved 

in RS, as discussed further below. 

While such defect-related percolation pathways are typically believed to be responsible for stress-induced leakage 

current (SILC), soft breakdown (SB) and time-dependent dielectric breakdown (TDDB) in MOS devices [43, 46, 67, 

70-74], it is clear that mechanisms other than simply forming a percolation pathway must occur during 

electroforming to account for the observed RS behavior in SiO2-based RM devices. Figure 10 illustrates some 
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mechanisms that may occur during the electroformation process. Figures 10a and 10b show two possible outcomes 

when an O
2-

 ion is released, either by high-energy electron impacts or with the aid of positive-charged Si-H-Si 

defects, as described above and as depicted in Figure 10a. As the O
2-

 ion drifts in the applied field towards the 

positive-charged anode, it can potentially react with a Si-Si defect to form Si-O-Si, the net result being the diffusion 

of one Si-Si defect to a location adjacent to the Si-H-Si defect – a so-called “clustering” effect [43]. Alternatively, 

the O
2-

 ion could diffuse or drift to the sidewall surface and be lost to the vacuum, or it could reach an interface 

where it may react and become neutralized, with the net result in both cases being a localized increase in Si 

concentration. These outcomes are depicted in Figure 10b, where the top part of the figure shows the result for Si-Si 

diffusion and the lower part shows the result for increased Si content. Since the CF is located within a few nm of the 

sidewall surface (Figure 4), a substantial fraction of the O
2-

 generated during electroforming can potentially be 

released into the vacuum and removed from the percolation pathway as it forms, and this could be the primary 

reason why successful electroforming requires a vacuum or non-oxidizing ambient. It may be noted that the H atom 

in Si-H-Si can potentially migrate to a nearby Si-Si defect and form an interconversion product with another 

network O atom, so that each Si-H-Si could possibly create multiple O
2-

 ion/Si-Si pairs. As O
2-

 ions are released and 

drift away, Si-Si defects would tend to cluster near the Si-H-Si defect, potentially forming a localized reduction in 

oxide density, or pore. This mechanism could lead to high pore concentration along the percolation pathway. As a 

result, Si-H-Si could be an efficient catalyst for Si-rich defect clustering where porous regions along the pathway 

may further trap mobile species and support the electrochemical reactions that lead directly to RS. Given that 

positive-charged defects, D(+), and negative-charged defects, D(–), will drift in opposite directions, and since they 

will have a coulomb attraction, there will be a high probability that opposite-charged defects will interact during the 

forming process, as depicted schematically in Figures 10a and 10b. Such interactions may transform the percolation 

pathway into a CF capable of supporting RS. The implications of these processes and specific charged defects that 

may be involved are addressed in the following sections, leading to plausible models for electroforming and RS. 

Figures 10c – 10e show a physical model of the CF. The overall structure of the CF is similar to geometrical cell-

based percolation models that are analogous to models of oxide breakdown [2, 9, 55, 75] and other physical models 

[5, 10, 21, 28, 56, 76], except that the CF is located within ~ 4 nm of the sidewall surface (Figure 10c) in accordance 

with the Figure 4 results. The CF is allowed to become wider in the plane of the sidewall surface [20], consistent 

with electroforming being fundamentally a near-surface phenomenon. In regions where a large number of defects 
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cluster together, Si nanocrystals can form, as observed in several TEM studies [6, 7, 16]. In line with previous 

reports [2, 19, 22, 26, 76], a narrowed region along the CF is most likely where RS takes place. The minimum LRS 

resistance in Figure 7a is RLRS ~ 1000 Ω, which is a factor of 12.9 smaller than the reciprocal of the quantum 

conductance G0
-1

 = h/2q
2
 = 12,900 Ω, where h is the Plank constant and q is the elementary charge [76]. This 

suggests that, for the device measured in Figure 7, the switching region contains about 13 parallel pathways that 

support current in the LRS, whereas RHRS ranges from about 10G0
-1

 to 1000G0
-1

 so that a physical gap has likely 

formed in the CF in the HRS [9, 77]. Regardless of whether RS is due to electrochemical, valence-change, or 

thermochemical mechanisms, defects are thought to play the key role in switching behavior [2]. Unlike most other 

operating models, the model adopted herein accounts for the possibility that the defects responsible for RS may 

remain localized within the switching region. In this case, each defect in the switching region can be in a conductive 

“ON” state or a non-conductive “OFF” state, leading to a model where a device programed to the LRS has a large 

concentration of ON-state defects within the switching region (Figure 10d). Conversely, when the device is 

programed to the HRS, a significant number of defects are converted to the OFF state, thus forming a conductance 

“gap” in the CF with length lGAP (Figure 10e). By measuring devices with a range of SiO2 thicknesses and using 

electrical breakdown measurements, the maximum length of the switching region (lSW) has previously been 

estimated to be in the range from lSW ~ 6 – 10 nm [20]. 

 

 

Figure 10. Schematic representation of defects near SiO2 sidewall illustrating: (a) oxygen reduction and ion drift 

mechanisms that may occur during electroforming; (b) the results of oxygen reduction and ion drift mechanisms 

possibly leading to the defects responsible for RS; (c) cross-section view of sidewall region after forming CF with 

~ 4 nm lateral depth into SiO2 sidewall; (d) front-on view of sidewall in LRS where all defects in switching region 
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lSW are in their ON state; and (e) front-on view of sidewall in HRS where defects within lGAP are in their OFF state. 

Dashed lines mark the switching region with length lSW. Illustrated gap length is lGAP ~ lSW/2. 

 

IV.B. SiO2 Defect Review 

Figure 11 shows schematic representations of several extensively-studied, common SiO2 defects. Many reports are 

available describing their detailed electrical and structural properties [42, 43, 45, 48, 49, 66, 70, 78-81]. Table II lists 

the charge states, switching charge-state energy levels, thermodynamic energy level (ETH) and effective bandgap 

(∆EG) for five of the defects in Figure 11 based on DFT calculations in α quartz [43]. Calculating these energy 

levels relative to a given reference such as the Si bandgap is difficult [49], and there are few reports providing 

quantitative values [43, 70, 80]. The energy levels of defects in amorphous SiO2 depend on the local atomic 

arrangement so that a range of values will be associated with each switching charge-state and thermodynamic 

energy level [80, 81]. Nevertheless, the values listed in Table II provide a meaningful relative comparison of the 

various defects. The ∆EG energy is the difference between the un-occupied charge-state energy level (EC), typically 

associated with an effective conduction band-edge, and the occupied charge-state energy level (EV) associated with 

an effective valance band-edge. Those defects having small ∆EG and charge-state energies near the Fermi levels of 

the electrodes are typically considered to be conductive since electrons are loosely bound when trapped by the defect 

and the relaxation energy of the defect is small [66, 70]. 

The Si-Si defect is the dimer oxygen vacancy where a weak bond is established between the two Si atoms [43, 80, 

81]. This defect has large ∆EG and a ETH far from most common electrode Fermi levels, and is thus considered to be 

non-conductive. The Si-Si defect has an interconversion product, Si*SiO(3)
+
, where one of the Si atoms back-bonds 

to a network O atom in a “puckered” configuration with the network O atom becoming 3-fold coordinated and 

positive-charged, leaving the remaining Si atom with a dangling bond (Si*) [81]. The Si*SiO(3)
+
 defect has small 

∆EG ~ 1.7 eV and ETH near the Si midgap (Table II) so that it is conductive. 

In general, RS in devices having a CF can involve electrochemical, valence-change, and thermochemical 

mechanisms [2], making it important to understand that RS in different materials may involve different mechanisms. 

Although thermal dissolution models involving oxygen vacancy creation/annihilation or defect diffusion into and 

out-of the CF provide reasonable explanations for RS in unipolar devices using HfO2, NiO and TiO2 materials [2, 9, 

55, 75, 77, 82, 83], there is no a priori reason to assume that the same mechanisms occur in SiO2 materials. While 
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drift of O
2-

 ions and diffusion of oxygen vacancies is often used to describe RS in RM devices based on metal oxides 

or embedded nanoparticles [84-86], the Si-Si and Si*SiO(3)
+
 oxygen vacancy defects are not likely involved in SiO2 

RS for the following reasons. A model involving Si-Si oxygen vacancy defects cannot account for the observed 

ambient effects. As described above, the CF is formed within ~ 4 nm of the sidewall surface (in sidewall devices), 

and is exposed to O2 and H2O vapor whenever the (unpassivated) device is exposed to air. The reaction of O2 with 

Si-Si proceeds without an activation energy barrier to form SiOO
+
Si [45]. Also, H2O vapor in the air would react 

with Si-Si defects under small applied bias ~ 1.3 – 1.8 eV to form SiH and SiOH [45]. Since exposure to O2 is found 

in Figure 8 to disable switching, and since SiH and SiOH are considered to be electrically inert [43, 79], the 

reactions of oxygen vacancies with O2 and H2O would be expected to alter programed data if oxygen vacancy 

defects were involved in RS. However, this is inconsistent with results showing that programed states in un-

passivated devices remain nonvolatile after many months of air exposure [21]. Furthermore, a switching model 

based on Si-Si creation/annihilation driven by O
2-

 ion drift cannot account for unipolar operation because ions will 

drift in the same direction during both SET and RESET programing events, making it very difficult to explain where 

the O
2-

 ions go and how they return to the switching region. In another potential scenario involving oxygen 

vacancies, the Si-Si and Si*SiO(3)
+
 defects could potentially be driven between the two structural configurations Si-

Si + Si-O-Si ↔ Si*Si-O
+
=Si2 to perform switching operations since Si-Si is nonconductive and Si*SiO(3)

+
 is 

conductive, similar to some oxide degradation models [63]. However, it must be noted that Si*SiO(3)
+
 stability is 

highly-dependent on local atomic arrangement and some forms collapse immediately to the Si-Si defect upon 

capture of an electron [43, 80, 81], making it doubtful that this defect pair could sustain long-term RS. As a result, 

the instability of the Si-Si and Si*SiO(3)
+
 defects with regards to reactions with O2 and H2O, and the incompatibility 

with unipolar operation make it unlikely that these defects are involved in RS. 

As described above, the (SiH)2 defect is formed during anneal in H2-containing ambients by the reaction Si-Si + 

H2 → (SiH)2 [42]. This defect has ETH and ∆EG energies similar to those of the Si-Si defect, and is thus non-

conductive. However, it is relatively stable due to the two H-passivated SiH groups. As discussed further below, the 

threshold energy for H desorption from the SiH group is ~ 2.5 eV [39, 46, 87-89], essentially the same as the SET 

transition of VS ~ 2.5 V in the I-V response (Figures 6 and 8c). This makes the (SiH)2 defect a good candidate for an 

electroformation precursor since desorption of a H atom forms the conductive H-bridge [69]. 

The H-bridge defect, Si-H-Si, has small ∆EG ~ 1.71 eV and is found using DFT calculations to form a conductive 
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defect that has been proposed as being responsible for SILC, BD and TDDB in MOS devices [43, 46, 67, 70, 71], 

thereby warranting further investigation both as an electroformation precursor and possibly the defect responsible 

for high conductance in the LRS. The Si-H-Si defect interconverts to the negative-charged defect SiH+SiSi(5)
–
 

when one of the Si atoms back-bonds to a network Si atom (which becomes 5-fold coordinated), and to the positive-

charged defect SiH+SiO(3)
+
 when a Si atom back-bonds to a network O atom [43]. As described above, the 

positive-charged interconversion product can potentially lead to the oxygen reduction reaction and increased 

porosity during electroforming. 

The (SiOH)2 defect is absorbed water where the Si atoms in the two SiOH (silanol) groups are 4-fold coordinated. 

The silanol groups are not to be confused with mobile OH
–
 ions that are loosely bound to Si atoms in the network 

(which become 5-fold coordinated) and can migrate through the amorphous network by hopping between Si atoms 

with an activation energy of only ~ 0.6 eV [34]. Instead, the silanol groups in (SiOH)2 are structurally stable up to ~ 

700 K [31], and can form in amorphous SiO2 by the dissolution of H2O in reactions that range from endothermic to 

exothermic, depending on the amount of strain present at the network reaction site [34]. At SiO2 surfaces exposed to 

air, such as SiO2 sidewalls in unpassivated devices, SiOH density approaches 3.8 molecules/nm
2
 [35], thus 

essentially providing an infinite supply of OH to the percolation pathway that forms within nanometers of the 

sidewall surface (Figure 4). 

The Si2=O-H3O
+
 defect can form by the reaction of two H2O molecules or by proton uptake by H2O. In the 1990s, 

E. H. Poindexter developed a hydrogen physical chemistry model to investigate potential reactions of H2O in SiO2, 

leading to the postulation that 2H2O → H3O
+
 + OH

–
 [31]. This reaction was verified in 2002 using first-principles 

DFT calculations finding that 2H2O in “bigger voids” react to form a mobile OH
–
 ion and a localized H3O

+
 ion that 

may contribute to positive fixed-charge in as-deposited SiO2 materials, where the H3O
+
 ion attaches to an O atom in 

the Si-O-Si network to form Si2=O-H3O
+
 [45]. The presence of H3O

+
 has long been established in weak ionic 

solutions [90] such as HF and H2O, where the reversible reaction HF + H2O ↔ F
–
 + H3O

+
 is known to occur [91]. 

Since SiO2 is also a weak ionic medium, it is reasonable to expect that H
+
 uptake by H2O will occur in SiO2 to form 

H3O
+
. In fact, DFT calculations have established that H

+
 uptake by interstitial H2O can form H3O

+
 near Si/SiO2 

interfaces when SiH and a hole are present, which proceeds with only a ~ 0.8 eV reaction barrier and ~ 0 eV forward 

energy [31, 48, 92]. In addition, experimental data link trace amounts of H2O in thermal oxides to bias-temperature 

instability (BTI) in MOS devices as a result of this mechanism [93]. Using a new dissociative water potential, recent 
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molecular dynamics simulations of H2O adsorption onto SiO2 surfaces reveal a new mechanism for dissociative 

chemisorption involving the formation of H3O
+
 as a reaction intermediate, leading to SiOH formation at non-

bridging oxygen (Si-O
–
) and Si* defects in the near-surface region [35]. In this case the H3O

+
 ion participates by 

providing an efficient pathway for H
+
 transfer to adjacent H2O molecules until the H

+
 finds a Si-O

–
 to form SiOH 

[35]. These findings make it reasonable to expect that similar proton exchange reactions will occur in bulk SiO2 

materials, especially near SiO2 surfaces previously exposed to water vapor. Therefore, as a stable [31], localized, 

positive fixed charge [45], the H3O
+
 ion is a very good candidate for an electroformation precursor or product since 

it can potentially release a H
+
 to leave a H2O molecule that is then available for H

+
 uptake in a reversible reaction 

depending on the local charge environment. 

 

 

Figure 11. Some of the known defects in SiO2. Switching 

charge states are labeled: (+) positive, (0) neutral and (–) 

negative. 

 

Table II. Defect positive (+), neutral (0) and negative (–) switching charge-states, unoccupied switching charge-state 

energy levels (EC), thermodynamic energy levels (ETH), occupied switching charge-state energy levels (EV) and 

effective bandgap energies (∆EG) referenced to the Si midgap energy in units of eV [43]. 

 

Defect Charge-States EC ETH EV ∆∆∆∆EG 

Si-Si +/0 -1.38 -3.03 -3.70 2.32 

Si*SiO(3)
+
 +/0 0.68 -0.06 -1.02 1.70 

(SiOH)2

(SiH)2

(+/0)

Si-H-Si

(+/0),(0/–)

Si2=O-H3O
+

Si

O

H

Si-Si

(+/0)

Si*SiO(3)+

(+/0)

SiH+SiSi(5)–

(0/–)

*

SiH+SiO(3)+

(+/0)
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(SiH)2 +/0 -1.07 -2.74 -3.67 2.60 

Si-H-Si 0/– 1.58 0.74 -0.13 1.71 

Si-H + SiSi(5)
–
 0/– 1.27 0.30 -1.85 3.12 

 

IV.C. Electroforming Model 

As described briefly above in the discussion surrounding Figures 2, 3 and 10, for the electroforming electric fields 

of 1 – 10 MV/cm, hot electrons and holes with energy > ~ 9 eV may create Si-Si defects and O
2-

 ions by oxide BD 

mechanisms such as band-gap impact ionization [66]. In devices with a sidewall etched into the SiO2 layer, O
2-

 ions 

created near the sidewall surface may enter the vacuum or may drift towards the anode until they encounter other 

defects or until they reach the anode interface where they react and become neutralized (Figures 10a and 10b). In 

bulk devices, drift and diffusion of O
2-

 ions may be enhanced by pin-hole defects or other low-density regions in the 

porous, e-beam-deposited SiO2 layer. In both device types, these mechanisms allow O
2-

 ions to be removed from the 

immediate vicinity of the percolation pathway as it forms, thus leaving behind reactive Si-Si defects. Protons (H
+
) 

are expected to form by high-energy electron impacts at the anode/oxide interface, where the so-called hydrogen 

release mechanism requires ~ 5 eV for a H
+
 to be created at the anode and to drift into the bulk region of the oxide 

layer [46, 66]. In addition, the large amount of SiOH in near-surface regions of the sidewall (in devices with a 

sidewall) or near the cathode/oxide interface (in bulk devices) may be a good source of loosely-bound OH
–
 ions. 

When an OH
–
 ion encounters a hole in the oxide, the O atom reacts with the oxide network to form a SiOOSi 

structure and a H
+
 is released [34]. It is thus well-documented that large H

+
 concentrations are created in oxides 

previously exposed to H2O vapor and placed under a high electric field, and it is therefore reasonable to expect 

similarly high H
+
 concentrations during electroforming of SiO2-based RM devices having an exposed sidewall and 

in bulk devices using porous oxide materials deposited at low temperatures. 

It may be noted that several research groups have reported potential roles for water-related defects in RM devices. 

Shang et al. suggested that RS in tungsten oxide RM could be supported by proton transfer as the result of surface 

H2O decomposition [94]. Recently, the possibility that protons could perform the same function as O
2-

 ions during 

device RESET in TiO2-x devices was proposed by Park et al. [95]. Using Raman spectroscopy on RM devices 
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incorporating SiO2 and other switching materials, Shoute et al. detected a polaron signature only when devices were 

capable of RS, and found that switching could not be initiated unless the device contained a trace amount of H2O 

[96]. 

Based on the above discussion related to the defects shown in Figure 11, the most intuitively obvious candidates 

for SiO2 electroformation precursors are Si-H-Si and Si2=O-H3O
+
. As the H

+
 drifts through the oxide towards the 

cathode, it may encounter Si-Si to form Si-H-Si [43, 46, 50, 66]. As described above, conductive Si-H-Si defects 

also form by H desorption from (SiH)2. As soon as the concentration of conductive defects reaches a critical 

threshold, a percolation pathway forms and current reaches ~ 1 µA at VEF (Figures 2a and 3). However, a percolation 

pathway by itself cannot support RS, so that additional electrochemical reactions or other transformations must 

occur. As mentioned above, oxide materials deposited at low temperature are typically porous and susceptible to 

H2O absorption [31, 32, 34-36]. As a result of high-energy electron impacts at defect sites along the percolation 

pathway, locally high temperatures may result from Joule heating, which will enhance H2O diffusion and increase 

the probability that two H2O molecules will diffuse to a pore and react to form a localized H3O
+
 ion and a mobile 

OH
–
 ion. Alternatively, a H2O molecule may simply uptake a H

+
 to form H3O

+
. The H3O

+
 ion in a pore attaches to a 

network O atom to form localized Si2=O-H3O
+
, which will present a coulomb attraction for any negative-charged 

species that may drift or diffuse near the ion. The Si-H-Si defect in its most stable form is charged negative [43], 

making it reasonable to model the electroforming reaction as 

 

2e
-
 + Si-H-Si + Si2=O-H3O

+
 → Si-H

–
-Si + H

+
 + Si-O-Si + H2O → (SiH)2 + (SiOH)2.   (1) 

 

Two electrons initiate the reaction in (1), one that charges the neutral Si-H-Si defect negative and one injected into 

H3O
+
 to release a H

+
. The exothermic reaction of Si-H

–
-Si and H

+
 forms (SiH)2 and releases ~ 3 eV of energy [43], 

which is about twice the energy barrier required to form two silanol groups by the water absorption reaction Si-O-Si 

+ H2O → (SiOH)2 [34, 45, 97]. Once the (SiH)2 and (SiOH)2 defects form in close proximity to each other, the 

conditions for RS are established at that location. 

It may be noted that the product complex in (1) can be viewed as two H2O molecules reacted with two oxygen 

vacancies, so that an overall reaction equivalent to (1) is 
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2Si-Si + 2H2O → (SiH)2 + (SiOH)2.        (2) 

 

From another perspective, the product complex in (1) can be viewed as a H2 molecule reacted with an oxygen 

vacancy and a H2O molecule reacted with the oxide network, so that another overall reaction equivalent to (1) is 

given by 

 

Si-Si + H2 + Si-O-Si + H2O → (SiH)2 + (SiOH)2.       (3) 

 

The (SiOH)2 defect is electrically inert [43, 79] and structurally stable [31]. The (SiH)2 defect is also an inert, 

non-conductive defect, as described above. In addition, the Si atoms in (SiH)2 are H-passivated and the Si atoms in 

(SiOH)2 are OH-passivated, so that both defects are expected to be stable against reaction with O2 and H2O vapor in 

air. As a result, the reaction products in (1) form a complex exhibiting one of the key properties listed above for 

viable electroformation products. The next sections describe how the energetics and electrochemical reactions of the 

defects in (1) are consistent with the RS transitions in the I-V response, thus satisfying the remaining two criteria for 

viable electroformation products. 

 

IV.D. Resistive Switching Model 

Several studies have used TEM to document the presence of Si nanocrystals within the CF [6, 7, 16]. In some 

studies, RS is proposed to occur by a change in nanocrystal size, where increased size brings neighboring crystals 

closer together to decrease tunneling distance and thus increase conductivity [6]. Another view of RS describes how 

the nanocrystals may transform between amorphous and crystalline phases to account for the HRS and LRS, 

respectively [7]. Unfortunately, TEM is not capable of detecting isolated defects or the composition of conductive 

regions that may exist between nanocrystals, thus making it difficult to discern the physical boundaries of the CF. 

Therefore, it is not yet clear whether either of the above descriptions are valid. A more conventional model is 

adopted here that relates RS to defect transformations near the nanocrystal surfaces and in the regions between 

nanocrystals, similar to models described by Mehonic et al. for switching in Si-rich oxides [5]. This approach is 

consistent with findings that charge transport occurs primarily along grain boundaries in NiO and HfO2 memory 

materials [3, 8], where oxygen vacancies are thought to be the electron traps most likely involved in RS. This view 
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is also consistent with models describing RS as occurring at a narrowed “constriction” along the conductive filament 

[2, 9, 10, 28, 76]. In general, the model presented below is consistent with analytical cell-based percolation models 

of oxide breakdown where switching statistics are modeled using the Weibull distribution and switching occurs by 

creation and annihilation of conductive defects within a small switching region along the CF [2, 55, 75]. The model 

presented below differs from most models by considering that the defects responsible for RS may remain localized 

within the switching region so that RS occurs when a collection of defects are driven between conductive and non-

conductive forms, as depicted in the CF physical model shown in Figures 10c – 10e. 

The same electrochemical reactions that form the CF must also be involved in RS. When the reaction in (1) 

occurs, the conditions for RS are established at that location. The electroforming process may continue until a 

network of (SiH)2/(SiOH)2 defect pairs form, thus transforming the percolation pathway into a CF capable of 

sustaining RS. The reverse reaction of (1) occurs when a H
+
 is desorbed from a SiH group in the (SiH)2 defect, 

which is then available for uptake by the absorbed H2O molecule. This line of reasoning leads to a plausible RS 

model given by the reversible electrochemical reaction 

 

(SiH)2 + (SiOH)2 ↔ Si-H-Si + Si2=O-H3O
+
       (4) 

 

where the forward reaction switches the complex ON and requires a voltage drop across the switching region large 

enough to induce H
+
 desorption from (SiH)2, and the reverse reaction switches the complex OFF and requires 

injection of 2e
-
 as described by (1). 

The conductive (ON) and non-conductive (OFF) configurations of the defect complex, as well as the events that 

may trigger the defect transitions, are shown pictorially in Figure 12. Starting from the ON configuration (top of 

Figure 12), electron injection into the H3O
+
 defect releases a H

+
 (right-side intermediate state) that reacts 

electrochemically with Si-H-Si to form (SiH)2 and (SiOH)2, which is the OFF configuration (bottom of Figure 12). 

When the (SiH)2 in the OFF configuration is charged positive, H
+
 desorption occurs (left-side intermediate state) and 

the H
+
 reacts with (SiOH)2 to re-form H3O

+
 and Si-H-Si, which switches the complex back to the ON configuration. 

Both ON and OFF configurations are stable for voltages < ~ 2.5 V and are inert to reactions with O2 and H2O in the 

air since they are H- or OH-passivated and contain no dangling Si bonds, reactive Si-Si bonds or non-bridging O 

atoms. 
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When most of the defect complexes within the switching region are in their ON state, the device is in the LRS 

shown in Figure 10d, whereas the HRS corresponding to Figure 10e occurs when a significant fraction of the 

complexes are transformed into their OFF state to form a conductance gap within the switching region. While 

perhaps there are many other defects that could account for RS in SiO2, the reversible electrochemical reaction given 

by (4) and shown in Figure 12 provides a straightforward, plausible description of RS in SiO2 materials. 

 

 

Figure 12. RS model defect transitions. ON state (top) 

contains Si-H-Si and Si2=O-H3O
+
. Electron injection 

into H3O
+
 releases a proton (right-side intermediate 

state). Electrochemical reaction between the proton 

(H
+
) and Si-H-Si forms (SiH)2 and water absorption 

forms (SiOH)2 to switch the complex OFF (bottom). 

Charging (SiH)2 positive leads to H
+
 desorption from 

SiH (left-side intermediate state). Proton uptake by 

absorbed water forms Si2=O-H3O
+
 and switches the 

complex ON (top). 

 

The energetics of the (SiH)2 defect are found to be consistent with the SET transition observed in the I-V 

response. Hydrogen desorption from SiH has long been established to occur at Si/SiO2 interfaces in MOS devices 

with a threshold energy in the range of 2.5 – 2.9 eV [39, 46, 87-89], which correlates well with the SET transition at 

2.5 – 2.6 V observed in Figures 6 and 8c. As described in Figure 12, the desorbed H
+
 may react with absorbed H2O 

SET to ON

RESET to OFF

H+

Release

H

Desorption

Si       O       H       H+
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to form H3O
+
 in the ON-state complex. In addition, the effective bandgap of (SiH)2 is ∆EG ~ 2.6 eV (Table II), so 

that a voltage of 2.6 V must be applied across the switching region before trap-assisted tunneling (TAT) can occur 

[43, 70]. The TAT current will charge and discharge the (SiH)2 defect to positive and neutral charge states, 

respectively (Table II). Each time the defect is charged positive, there is a finite probability for proton desorption, 

which leaves behind the conductive Si-H-Si defect [43, 69]. Furthermore, recent measurements have documented 

green electroluminescence when similar SiOx devices are operated in the HRS [6]. The green electroluminescence 

with peak energy of 2.3 eV was attributed to electron/hole recombination, which would naturally occur during TAT 

through a defect with bandgap near this energy, such as (SiH)2 with ∆EG ~ 2.6 eV. Based on these correlations, 

hydrogen desorption from (SiH)2 is indeed a plausible mechanism to trigger the SET transition at VS ~ 2.5 V 

(Figures 6 and 8c).  

Although the RESET process in many materials is often described as being thermally-driven [2, 5, 9, 15, 16, 55, 

77, 82, 83], other mechanisms could also be active in SiO2 materials. Since the H3O
+
 defect in SiO2 is characterized 

as a fixed positive charge, its energy level will be high in the SiO2 bandgap, near the conduction band-edge [45, 49]. 

As a result, electron injection into the defect will occur when the voltage across the switching region aligns the 

conduction band in the CF with the energy level of the H3O
+
 defect. As described in Figure 12 and by (1), electron 

injection into the H3O
+
 defect is expected to release a H

+
 that reacts with Si-H

–
-Si to form (SiH)2, thus switching the 

complex to its OFF state and providing an effective RESET mechanism. Similar to a thermally-driven process, the 

electron injection mechanism also provides a natural explanation for the increasing device resistance with increasing 

stop voltage (see Figures 5 and 7), where the conductance gap in the switching region (Figure 10e) grows larger as 

the applied RESET stop voltage increases. 

The SET and RESET switching transitions can be described in more detail with the aid of electron energy band 

diagrams. The band diagrams in Figure 13 were constructed using the thermodynamic and switching charge-state 

energy levels listed in Table II, as reported by Peter Blochl in 2000 [43]. The unoccupied switching charge-state 

energy levels of the defects are associated with an effective conduction band-edge, whereas the occupied levels are 

associated with an effective valence band-edge, thus forming an effective bandgap. To determine the relative band 

offsets, the standard methodology used for semiconductors was employed where the thermodynamic energy level of 

each defect was aligned to the electrode Fermi levels at 0 V bias, thus pinning the thermodynamic energy levels of 

the defects to the electrode Fermi level [43]. The ideal band diagrams in Figure 13 assume electrodes with Fermi 
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levels at the Si midgap energy and mono-energetic defect energy levels. Defect spacing is assumed to be uniform 

with one defect cluster every 1/2 nm, which is based on the average electron hopping distance determined by fitting 

the low-voltage I-V response to the hopping conduction expression [26]. 

In the LRS shown in Figure 13a, the CF is comprised of conductive Si-H-Si and positive-charged H3O
+
. Since Si-

H-Si and SiH+SiSi(5) are expected to form with approximately equal concentrations in amorphous SiO2 [43], both 

defects are included in the CF, where Si-H-Si has an effective bandgap of 1.71 eV and the bandgap of SiH+SiSi(5) 

is 3.12 eV, as listed in Table II. Hopping transport through the effective conduction bands of Si-H-Si and 

SiH+SiSi(5) is presumed to be responsible for the relatively high conductivity associated with the LRS. As electrons 

hop along the CF from Si-H-Si to SiH+SiSi(5), they encounter an energy barrier of φLRS, which is the relative 

conduction band offset between the two defects after aligning their ETH levels at 0 V. For the mono-energetic defect 

energies listed in Table II, φLRS = 0.13 eV is calculated, in reasonable agreement with the electron energy barrier of ~ 

0.1 eV measured in devices programed to the LRS [26]. 

The energy level of H3O
+
 is placed 2.5 eV above the Si-H-Si conduction band to account for the 2.5 V threshold 

previously identified for the RESET transition [22, 54]. The length of the switching region as drawn in Figure 13a is 

lSW ~ 5 nm. The voltage across the switching region is given by VSW = VA – IRRS, where VA is the applied voltage, IR 

is the RESET current, and RS is the series resistance. To draw Figure 13, it is assumed that IR = 2.63 mA, the 

external series resistance is zero and the internal series resistance of the CF (in filament regions outside the 

switching region) is 50 Ω so that total series resistance in the circuit is RS = 50 Ω. Voltage is dropped primarily 

across lSW due to the narrowed constriction in the filament [2, 9, 10, 26, 28, 76]. As applied voltage VA is increased 

to the point where VSW = 2.5 V, the H3O
+
 energy level aligns with the Si-H-Si conduction band so that electrons are 

injected into the H3O
+
 defect by Fowler-Nordheim (F-N) tunneling, thus releasing a H

+
 to form H2O and initiating 

the RESET transition. As VA continues to increase so that VSW > 2.5 V, additional H3O
+
 defects align with the Si-H-

Si conduction band so that electron injection transforms H3O
+
 into H2O + H

+
, where the H

+
 then reacts with Si-H-Si 

to form (SiH)2, as depicted in Figure 12 and in (1). In this way, a conductance gap with length lGAP is formed within 

the switching region (Figure 10e) where lGAP increases as VA increases, thus accounting for the increasing device 

resistance as stop voltage increases (Figures 5c and 7). 

The HRS band diagram shown in Figure 13b is drawn for the case where all defects in the switching region are 

converted into (SiH)2 and (SiOH)2 to form a conductance gap with length lGAP ~ 5 nm. The (SiH)2 defects have an 
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effective bandgap of 2.6 eV (Table II), leading to a discontinuity of φHRS in the CF conduction band (EC). From 

Table II, φHRS in the range of 0.70 – 0.83 eV is calculated when considering the conduction band offsets between Si-

H-Si and SiH+SiSi(5) relative to (SiH)2, which is in reasonable agreement with the electron energy barrier of ~ 0.6 

eV measured in the HRS [26]. 

The current in the HRS is typically orders of magnitude lower than in the LRS so that series resistance effects are 

negligible and the voltage drop across the gap is VGAP = VA. As shown in Figure 13b, when VGAP ≥ 2.6 V, the Fermi 

levels (EF) in the portions of the CF on either side of the switching region become separated by 2.6 eV. This allows 

trap-assisted tunneling to occur where electrons are captured by the unoccupied charge-state in the (SiH)2 

conduction band (EC) and electrons are emitted from the occupied charge-state in the (SiH)2 valance band (EV). 

During this electron/hole recombination process, some of 2.6 eV energy lost by the electron can be emitted as a 

photon, consistent with electroluminescence measurements made on HRS devices where a peak at 2.3 eV was 

observed [6]. As described above, the 2.6 eV bandgap of the (SiH)2 defect leads to a HRS TAT threshold of ~ 2.6 V, 

which can explain the strong voltage dependence of the SET process and the SET threshold voltage at VS ~ 2.5 V 

(see Figure 6). 

 

  

Figure 13. Energy band diagrams for: (a) LRS assuming RS = 50 Ω and IR = 2.63 mA, showing theoretical 
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bandgaps of Si-H-Si and SiH+SiSi(5), 2.5 eV offset of H3O
+
 energy level from Si-H-Si conduction band, 

switching region of length lSW and F-N tunneling RESET transition; and (b) HRS showing theoretical bandgap of 

(SiH)2 defect within gap region of length lGAP and TAT SET transition. Both diagrams are drawn for applied 

voltage VA = 2.63 V. The LRS and HRS electron energy barriers are φLRS and φHRS, respectively. 

 

As shown in Figure 7b, SET transition voltage VS is observed to be correlated with HRS resistance, where VS 

increases from ~ 2.5 V to ~ 3.4 V in MIM devices as HRS resistance increases. This correlation has also been 

observed in unipolar HfO2 RM devices and is well described by a cell-based percolation model of oxide breakdown 

with HRS resistance modeled as RHRS ∝ exp(lGAP/l0) consistent with electron tunneling, where l0 is a characteristic 

gap length [55]. In SiO2 RM devices, the VS versus RHRS trend may result from the current dependence of the H
+
 

desorption process. It is well-known that H
+
 desorption from SiH depends on both voltage and current [98], where 

the current dependence is the result of electron-induced vibrational excitations of the Si-H bond [39, 46, 89]. As 

seen in Figure 13b, there is an asymmetry in the (SiH)2 bandgap. From Table II, for (SiH)2 the separation between 

EC and ETH is 0.74 eV larger than the separation between ETH and EV. As a result of this asymmetry, at 2.6 V there is 

a larger tunneling distance for electron capture by the (SiH)2 defect as compared to the tunneling distance for 

electron emission from the defect. Since TAT current depends exponentially on tunneling distance [55, 99], a large 

lGAP may lead to a TAT current that is too low to desorb H
+
 at 2.6 V. In this case the voltage must increase to reduce 

the tunneling distance into the (SiH)2 defect so that TAT current increases to the point where H
+
 desorption can 

occur [26]. 

To provide deeper insights into the proposed RS mechanisms, future work plans include DFT calculations 

investigating proton uptake by absorbed water, (SiOH)2, and the stability of the Si-H-Si/H3O
+
 complex. In addition, 

the stability of the (SiH)2, (SiOH)2, Si-H-Si, and Si2=O-H3O
+
 defects in the presence of O2 and H2O should be 

verified using DFT calculations. 

 

IV.E. Charge Transport Modeling 

Modeling the I-V response can provide key information regarding the defects involved in charge transport and 

RS. Both hopping conduction and TAT have been used to successfully model charge transport in many different 

dielectric materials containing electron-trapping defects [100-105], and similar methods have been used to 
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characterize HfO2 [8], Ge2Sb2Te5 [104], TiO2 [84] and SiOx [5] RM materials where oxygen vacancies are often 

considered to be the trapping defects involved in charge transport and RS. 

Previous investigations of SiO2 RM materials have characterized the temperature dependence of device current, 

where the measured electron energy barriers were ~ 0.1 eV in the LRS and ~ 0.6 eV in the HRS [26]. As described 

above, these results are consistent with the energy barriers predicated by the theoretical electron energy band 

diagrams shown in Figure 13, and support the RS model given by (4) and shown in Figure 12. This previous work 

also found that hopping conduction accurately describes device current under low-bias conditions ≤ 1.5 V, where the 

non-Ohmic I-V response in the LRS and the decreasing device resistance with increasing temperature effectively 

eliminate the possibility of metallic conduction [26].  

Figure 14 shows the LRS I-V response and charge transport modeling results that provide additional evidence 

supporting the proposed RS mechanisms. The voltage axis in Figure 14a was adjusted by subtracting RS × IMEAS from 

the applied voltage VA in order to account for the voltage drop across the measured series resistance of RS = 235 Ω 

in this MIM device (see Figure 1b), which enables the actual voltage VADJ across the CF to be determined. To 

investigate the low-voltage response ≤ 1.5 V, the LRS data were fit to the hopping conductance expression of the 

form 

 

IHOP = K × VADJ × exp(LVADJ),         (5) 

 

which is a form of hopping transport associated with Mott conduction [101]. The dashed curve in Figure 14a shows 

the results of the fit to (5), which yielded IHOP = 0.51VADJ × exp(0.23VADJ) mA. In (5), parameter L = qa/2dkT, 

where a is the average hopping distance, d is the SiO2 thickness, k is the Boltzmann constant, and T is the absolute 

temperature [26]. For L = 0.23, d = 60 nm and T = 298 K, plugging in the physical constants leads to an estimate of 

a = 0.7 nm for the average hopping distance. This corresponds to a defect density of ~ 3 × 10
21

 cm
-3

, which is 

consistent with estimates made for HfO2 RM materials [8], thus providing support for a LRS charge transport model 

based on hopping conduction. The hopping fit is observed to accurately model the measured data up to 1.5 V. 

However, the IMEAS data begin to depart from the hopping expression above ~ 1.7 V, a phenomenon referred to as 

“overshoot” [26]. To investigate the overshoot region, IMEAS data in the VADJ range from 2.2 to 2.7 V were fit using 

the F-N tunneling expression given by [26] 
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IFN = IMEAS – IHOP = A × VADJ
2
 × exp(-B/VADJ).        (6) 

 

As shown in Figure 14b, the fitting procedure yielded IFN = 66.8VADJ
2
 × exp(-16.46/VADJ) mA with an acceptable 

linear fit quality factor of R
2
 = 0.98. These same data were also fit to the TAT expression given by [106, 107] 

 

ITAT = IMEAS – IHOP = Io × exp(MVADJ
2
),         (7) 

 

which resulted in ITAT = 6.37×10
-3

 × exp(0.71VADJ
2
) mA with a good linear fit quality factor of R

2
 = 0.99, as shown 

in Figure 14b. These results demonstrate that both the F-N and TAT expressions accurately fit the IMEAS data in the 

overshoot region. An accurate fit to the F-N expression is often used to indicate TAT [108], and has been used to 

identify TAT as the active LRS current transport mechanism in Si-rich SiOx RM devices [109]. Therefore, the 

results shown in Figure 14b indicate that both hopping conduction and TAT are present in the LRS. The ITAT current 

component is plotted in Figure 14a as the dotted line. The resulting LRS charge transport model of IMODEL = IHOP + 

ITAT is plotted in Figure 14a as the solid line, which provides an accurate representation of the LRS I-V response up 

to the point where the RESET transition begins at VADJ = 2.7 V. 

In order to further characterize the TAT overshoot region, a linear fit to the IMEAS data from 2.2 to 2.7 V was 

made. The linear fit was extrapolated to the VADJ axis to estimate a TAT threshold voltage of VTH = 1.62 V. This 

investigation was part of a larger study that characterized VTH over a range of RESET stop voltages from 5 to 12 V, 

where VTH = 1.57 ± 0.15 V was found to be independent of stop voltage, indicating that the TAT overshoot 

phenomenon is a fundamental property of charge transport through the switching region [26]. The measured VTH 

results and the assignment of TAT as the charge transport mechanism responsible for the overshoot phenomenon are 

consistent with electroluminescence measurements finding a peak energy of 1.6 eV in similar devices operating in 

the LRS, which was attributed to electron/hole recombination [6], as would be expected for TAT. The threshold of ~ 

1.6 V  indicates TAT through either Si*SiO(3) or Si-H-Si since these two defects have a bandgap energy of ~ 1.7 

eV, very near the 1.6 V threshold (Table II). In the discussion above, the oxygen vacancy defect Si*SiO(3) was 

ruled-out as being involved in RS due to its instability in the presence O2 and H2O and the inability of an oxygen 
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vacancy creation/annihilation mechanism to explain the unipolar switching response. As a result, TAT through Si-

H-Si is most likely responsible for the overshoot phenomenon, thus providing further support for the RS model. 

It may be noted that TAT is an inelastic mechanism where a significant amount of energy is dissipated in a 

localized region around the electron-trapping defect [8]. This will lead to increased temperature within the switching 

region of the CF, which could be indistinguishable from the effects of Joule heating. Previous estimates indicate a 

localized temperature increase of ~ 130 degrees C within the CF for LRS measurements done at room temperature 

and 2 V bias [26]. The increased temperature due to TAT or Joule heating could help induce the RESET transition, 

which might support the argument that RESET in SiO2 is a thermally-driven process [5, 15, 16]. However, the 130 

degree C increase that we estimate for the CF in SiO2 at 2 V bias is much lower than the increase of 400-500 degrees 

C estimated for NiO at ~ 0.4 V bias [2], suggesting that thermal energy may not be the dominant driver of the 

RESET process in SiO2. Although the thermal dissolution process can adequately explain the stop voltage effect in 

some materials [2, 9, 26, 55, 77, 82, 83], it does not provide a ready explanation for the backward-scan effect that is 

only observed in SiOx materials [18]. Furthermore, previous characterization data show that the RESET transition 

voltage increases as ambient temperature increases [110], and it has been demonstrated that the RESET process in 

SiO2 materials has a strong voltage dependence with threshold of 2.46 V [54], both of which support a model where 

both thermal and voltage-dependent mechanisms may be involved. If TAT in the LRS were to continue unabated, 

the device might burn-out as a result of the large amount of energy deposited into the switching region. However, as 

shown in the band diagram of Figure 13a, F-N tunneling into H3O
+
 could initiate the RESET transition so that TAT 

through Si-H-Si defects ceases before burn-out can occur, thus providing a reasonable explanation for the self-

compliant nature of SiO2 RM devices. 
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Figure 14. (a) Average measured current IMEAS of ten 8V RESET sweeps versus adjusted voltage VADJ. The LRS 

was programed using a forward/reverse voltage sweep to 3.5 V. The applied voltage VA was adjusted to account 

for the voltage drop across the series resistance of RS = 235 Ω using VADJ = VA – IMEAS × RS. The IMEAS data are 

fit to the hopping formula from 0 – 1.5 V to obtain IHOP (dashed line). A linear fit to the IMEAS data in the voltage 

range from 2.2 to 2.7 V (dash-dot line) estimates the overshoot threshold voltage VTH = 1.62 V. The TAT current 

component ITAT (dotted line) in (a) is obtained from the linear fit to a plot of ln(IMEAS – IHOP) versus VADJ
2
 shown 

in (b). The linear fit to a plot of ln[(IMEAS – IHOP)/VADJ
2
] versus 1/VADJ

2
 in (b) confirms that F-N tunneling also 

fits the IMEAS data in the overshoot region. The solid line in (a) shows the LRS current model: IMODEL = IHOP + 

ITAT. 

 

In fact, the electroforming and RS models developed herein provide natural explanations for many of the unusual 

characteristics of the SiO2-based RM device, including the self-compliant I-V response as noted directly above. The 

stop voltage effect is naturally explained by F-N tunneling controlling the RESET process (Figure 13a), where the 

conductance gap formed in the switching region (Figure 10e) is a direct function of the stop voltage applied during 

RESET, leading to a device resistance that increases with stop voltage (Figures 5c and 7). The backward-scan effect 

is not observed in other RM materials, and is explained here by the voltage-dependent SET and RESET 

mechanisms. The lower electroforming voltage achieved after reducing anneal (Figure 2) is explained by the 

reaction of H2 with as-deposited Si-Si defects to form (SiH)2, where charging of the (SiH)2 defect causes H 

desorption to directly form Si-H-Si in a low-energy process. The RS model based on water-related defects readily 

explains why the CF forms very near the sidewall surface (in sidewall devices), and why only highly porous e-beam 
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oxides (with potentially high water content) can be electroformed in bulk device architectures (Figure 4). The robust 

nonvolatility in air for bias < 2 V is explained by H- and OH-passivation of the defects involved in RS (Figure 12), 

where this passivation is temporarily lost during a switching event so that RS fails in ambients containing O2 due to 

oxidation of the un-passivated defects (Figure 8). Finally, the unusual unipolar switching characteristic where VS ≤ 

VR is explained directly by the RS model where H
+
 desorption from (SiH)2 induces the SET transition and F-N 

tunneling into the H3O
+
 defect releases a H

+
 to induce the RESET transition (Figures 12 and 13). Each of these 

explanations are supported by the wealth of information available in the technical literature regarding defects in 

silicon oxide materials. The results presented herein make it clear that the SiO2 RM device provides an exceptional 

platform for the study of SiO2 defects, which may lead to better understanding of breakdown and degradation 

mechanisms in MOS devices. 

 

V. Conclusions 

Electroforming and resistive switching in amorphous SiO2 materials were investigated using experiments 

controlling anneal temperature, etch time and operating ambient. Thermal anneal in reducing ambient lowered 

electroforming voltage by over 50 % to < 10 V, and identified the (SiH)2 defect as a potential electroformation 

precursor. Conductive filaments were found to form within ~ 4 nm of the sidewall surface in devices with an etched 

SiO2 layer, whereas most filaments are > 10 nm from the electrode edge in bulk devices having a continuous SiO2 

layer. Resistive switching of unpassivated devices failed at 1 atm pressure in both air and pure O2/N2, although 

switching was recovered after placing the devices back under vacuum. Attempts to operate devices in 1 atm of air 

led to vacuum switching recovery at ~ 9.5 V, whereas vacuum switching was recovered at ~ 4.6 V after operating 

attempts in 1 atm of pure O2/N2, indicating that H2O in the air has a more pronounced effect on resistive switching 

as compared to O2 alone. Incorporating a hermetic passivation layer enabled successful reversible switching in 1 atm 

air. Defect energetics, oxide degradation mechanisms and electrochemical reactions in SiO2 were discussed in 

relation to electroforming and resistive switching, leading to a localized resistive switching model involving proton 

exchange reactions given by (SiH)2 + (SiOH)2 ↔ Si-H-Si + Si2=O-H3O
+
. The energy of H

+
 desorption from the 

(SiH)2 defect was found to be consistent with the SET transition at ~ 2.5 V in the current-voltage response. The 

RESET transition was attributed to Fowler-Nordheim tunneling into the positive-charged H3O
+
 defect, although it 

was noted that thermal energy due to inelastic tunneling through the Si-H-Si defect could also play a role. Electron 
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energy band diagrams were constructed using mono-energetic defect energy levels based on density functional 

theory calculations. Band diagrams for both the LRS and HRS were found to be consistent with measured electron 

energy barriers and electroluminescence results reported for similar devices. Supporting evidence for the resistive 

switching model was provided in the form of low-frequency noise measurements indicating a 1/f signature in the 

LRS and 1/f
 2

 noise in the HRS, consistent with charge transport through electron-trapping defects. Low-resistance 

state current fit well to hopping conduction at low bias ≤ 1.5 V. A current overshoot phenomenon with threshold 

near 1.6 V was found to be consistent with trap-assisted tunneling through the Si-H-Si defect, as well as reported 

electroluminescence at 1.6 eV peak energy. Although perhaps other defect combinations can explain device 

performance, the models developed herein provide reasonable and accurate explanations of electroforming and 

resistive switching in SiO2-based memory devices. Overall, the results demonstrate that the SiO2-based device 

provides a good experimental platform to study amorphous SiO2 defects, which may lead to better understanding of 

MOS device breakdown and degradation mechanisms. The described electroforming methods, conditioning 

techniques and operating models are potentially useful for development of SiO2-based resistive memory devices for 

future nonvolatile memory products. 
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Figure Captions: 

 

Figure 1. Cross-section schematics of three RM device architectures used to investigate electroforming and RS in 

amorphous SiO2 materials: (a) MIS-edge device with exposed SiO2 sidewall; (b) TiW MIM crossbar with exposed 

sidewall; (c) Passivated MIS-bulk device with continuous SiO2 layer; (d) TEM cross section of MIS-edge device; (e) 

SEM top-down (upper) and cross-section (lower) images of TiW MIM device; and (f) SEM cross-section of 

passivated MIS-bulk device. 

 

Figure 2. Electroforming results for devices having a sidewall edge. (a) Electroforming sweeps for SiO2 materials 

deposited using: (1) thermal oxidation (30 nm); (2) e-beam evaporation (47 nm); (3) PECVD (60 nm); and (4) e-

beam (51 nm) with 5-minute, 500 °C RTA in 4% D2/N2. (b) Average electroforming voltage VEF versus PDA 

temperature and ambient for 5-minute RTA of ten Al / 50 nm e-beam SiO2 / N
+
Si devices at each condition with ± 3 

V standard deviation bars. 

 

Figure 3. Bulk device electroforming I-V plot for a TaN/e-beam oxide (51 nm)/N+Si MIS-bulk device with 5-

minute, 500 °C RTA in 4% D2/N2. Dashed line marks VEF = 13.4 V. 

 

Figure 4. Fraction of CFs remaining intact after dilute HF etch to various depths. 

 

Figure 5. MIM device states in vacuum: (a) six different devices measured at 0.2 V after a series of sweeps to 2 V; 

(b) four devices with current measured periodically at 2 V throughout a 1000-second stress time as a function of 

stress voltage VStress; and (c) current measured at 0.2 V during 100 °C thermal stress for devices programed to the 

LRS and several intermediate states using different stop voltage (SV). 

 

Figure 6. Switching I-V response for: (a) MIM sidewall device with TiW electrodes, 60 nm PECVD SiO2, VS = 2.6 

V, VR = 4.0 V, switching in vacuum; and (b) MIS bulk device with 51 nm e-beam SiO2, Pd/Si electrodes, SU8 

passivation, VS = 2.53 V, VR = 4.97 V, switching in 1 atm air. 
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Figure 7. Effects of varying RESET Stop Voltage showing: (a) SET voltage VS (circles), HRS Resistance (squares) 

and LRS Resistance (triangles) versus Stop Voltage; and (b) VS versus HRS Resistance, RHRS. In (a), dashed line is 

linear fit to VS data, solid line is exponential fit to HRS Resistance data, and dotted line is polynomial fit to LRS 

Resistance data. In (b), dashed line is logarithmic fit to VS data. 

 

Figure 8. (a) First 8V sweeps in 1 atm ambient (after vacuum electroforming and cycling), averaged for 7 LRS MIM 

devices in 20% O2/N2, 7 HRS devices in 20% O2/N2, 7 LRS devices in air, and 7 HRS devices in air. (b) Averaged I-

V response in vacuum after operating attempts in 1 atm ambient. The average of 14 first 8 V sweeps under vacuum 

for devices previously cycled in O2/N2 indicate recovery of RS at 4.6 ± 0.8 V (square symbols). Eighty-four 8 V 

vacuum sweeps were averaged for the devices cycled in air without recovery (dashed line). Devices cycled in air 

recovered after forward/reverse sweeps to an average value of 9.5 ± 0.8 V with one device requiring 11 V (solid 

line). (c) Average of 3 vacuum RS cycles from each of the 14 devices exposed to 1 atm O2/N2 (42 curves, solid line) 

and air (42 curves, dashed line) after vacuum recovery, indicating a characteristic unipolar response. 

 

Figure 9.  Normalized noise power spectral density measurements for 5 TaN MIS devices set to the LRS and 5 

devices set to the HRS. Green line is 1/f trend and red line is 1/f
 2
 trend. 

 

Figure 10. Schematic representation of defects near SiO2 sidewall illustrating: (a) oxygen reduction and ion drift 

mechanisms that may occur during electroforming; (b) the results of oxygen reduction and ion drift mechanisms 

possibly leading to the defects responsible for RS; (c) cross-section view of sidewall region after forming CF with ~ 

4 nm lateral depth into SiO2 sidewall; (d) front-on view of sidewall in LRS where all defects in switching region lSW 

are in their ON state; and (e) front-on view of sidewall in HRS where defects within lGAP are in their OFF state. 

Dashed lines mark the switching region with length lSW. Illustrated gap length is lGAP ~ lSW/2. 

 

Figure 11. Some of the known defects in SiO2. Switching charge states are labeled: (+) positive, (0) neutral and (–) 

negative. 
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Figure 12. RS model defect transitions. ON state (top) contains Si-H-Si and Si2=O-H3O
+
. Electron injection into 

H3O
+
 releases a proton (right-side intermediate state). Electrochemical reaction between the proton (H

+
) and Si-H-Si 

forms (SiH)2 and water absorption forms (SiOH)2 to switch the complex OFF (bottom). Charging (SiH)2 positive 

leads to H
+
 desorption from SiH (left-side intermediate state). Proton uptake by absorbed water forms Si2=O-H3O

+
 

and switches the complex ON (top). 

 

Figure 13. Energy band diagrams for: (a) LRS assuming RS = 50 Ω and IR = 2.63 mA, showing theoretical bandgaps 

of Si-H-Si and SiH+SiSi(5), 2.5 eV offset of H3O
+
 energy level from Si-H-Si conduction band, switching region of 

length lSW and F-N tunneling RESET transition; and (b) HRS showing theoretical bandgap of (SiH)2 defect within 

gap region of length lGAP and TAT SET transition. Both diagrams are drawn for applied voltage VA = 2.63 V. The 

LRS and HRS electron energy barriers are φLRS and φHRS, respectively. 

 

Figure 14. (a) Average measured current IMEAS of ten 8V RESET sweeps versus adjusted voltage VADJ. The LRS 

was programed using a forward/reverse voltage sweep to 3.5 V. The applied voltage VA was adjusted to account for 

the voltage drop across the series resistance of RS = 235 Ω using VADJ = VA – IMEAS × RS. The IMEAS data are fit to 

the hopping formula from 0 – 1.5 V to obtain IHOP (dashed line). A linear fit to the IMEAS data in the voltage range 

from 2.2 to 2.7 V (dash-dot line) estimates the overshoot threshold voltage VTH = 1.62 V. The TAT current 

component ITAT (dotted line) in (a) is obtained from the linear fit to a plot of ln(IMEAS – IHOP) versus VADJ
2
 shown in 

(b). The linear fit to a plot of ln[(IMEAS – IHOP)/VADJ
2
] versus 1/VADJ

2
 in (b) confirms that F-N tunneling also fits the 

IMEAS data in the overshoot region. The solid line in (a) shows the LRS current model: IMODEL = IHOP + ITAT. 
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Table Headings: 

 

Table I. Summary of experiment exposing MIM devices to 1 atm of O2/N2 or air. 

 

Table II. Defect positive (+), neutral (0) and negative (–) switching charge-states, unoccupied switching charge-state 

energy levels (EC), thermodynamic energy levels (ETH), occupied switching charge-state energy levels (EV) and 

effective bandgap energies (∆EG) referenced to the Si midgap energy in units of eV [43]. 
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