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1. INTRODUCTION

Many recent papers have demonstrated and discussed in detail the resistive switching mechanisms
of sputter-deposited silicon oxide films [1]-[16] because this structure dispenses with the rear metal and the
transition metal. Most of those papers addressed the role of silicon sub-oxide (SiOy) [1]-[4], [6], [7], [9], [10]
because it is anticipated that the unstable chemical states of non-stoichiometric silicon oxide can create
conductive paths [17], that can be recovered, inside the film. However, it is not yet clear how the silicon sub-
oxide region can trigger resistive switching, and whether the silicon sub-oxide region is the only determiner
of resistive switching [12], [13]. The author’s previous paper demonstrated that hot-electron injection from
the Si substrate had the potential to trigger resistive switching from sputter-deposited Si oxide films [18]; the
stack of B-FeSi»/Si substrate with the conduction-band energy offset of 0.2 eV was used as the bottom
electrode [19]. However, it did not definitively elucidate why unipolar switching is infrequent in sputter-
deposited silicon oxide films [20], [21], even though it is not a transition-metal oxide.

Since observations of unipolar switching in silicon oxide films have been reported in recent
studies [14], [22], the author discussed what might happen in unipolar switching in [21], [22] by analyzing
the transient processes present in resistive switching. However, the primary reason why unipolar switching is
not a stable process in sputter-deposited silicon oxide films remains unclear. Therefore, while potential
switching mechanisms have been investigated from the aspect of chemistry, resistive switching in silicon
oxide films may still be governed by a couple of unknown, but important, phenomena [23]-[26]. Therefore, it
is expected that further studies on such resistive switching phenomena are needed to attain a more substantial
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understanding of not only degradation mechanisms [27] but also recovery mechanisms of silicon oxide films
and related materials [23]-[26].

This paper carries out semi-two-dimensional (S2D) Monte Carlo simulations on the resistive switching
of sputter-deposited silicon oxide films [21], [22], [28], [29] in order to elucidate the importance of carrier
energy in switching. Although Monte-Carlo-based studies have already been performed to analyze the
switching behavior of various metal oxide films [21], [30]-[32] with verification by experiments [18]-[20], [26],
few have targeted sputter-deposited silicon oxide films [21], [23] and the impact of hot-electron injection on
resistive switching has not been discussed so far. This paper focuses on how the initial carrier energy
influences the resistive switching behavior of silicon oxide films.

2. DEVICE STRUCTURE SIMULATED

This study reports the results of Monte Carlo simulations of various device structures, some of which
were used in the author’s prior experiments [18]-[20]. The device structures assumed in this paper are shown in
Figure 1 [18]-[20], where Figure 1(a) shows the device having a stack of Au/silicon oxide/n-Si substrate (called
device A, control device), Figure 1(b) shows the device having a stack of Au/silicon oxide/n-type B-FeSi»/n-Si
substrate (called device B), Figure 1(c) shows Hf/Au/silicon oxide/n-Si substrate (called device C), and Figure 1(d)
shows Hf/Au/silicon oxide/n-type B-FeSi»/n-Si substrate (called device D). Devices B, C, and D are considered
here in order to illuminate the impact of the high-energy fraction of electrons injected from the electrode.
Device parameters and physical parameters assumed are summarized in Table 1, where t thicknesses of B-FeSi,
and Au films in devices B, C, and D are derived from the mean free path of electrons.

Device A is the control device used in the experiment to demonstrate that a simple bias condition
fails to yield reliable unipolar switching [18], [20]. Device B is the test structure used in the experiment to
demonstrate that unipolar switching and bipolar switching can be easily realized [19]. Device C is another
test structure assumed here to demonstrate that the hot-electron injection supports resistive switching. Device
D merges the architectures of device B and device C to examine the potential of hot electron injection in
lowering the supply voltage.
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Figure 1. Fundamental device structures used in simulations: (a) device A: Au/Si oxide/n-Si, (b) device B:
Av/Si oxide/B-FeSi»/n-Si, (c) device C: Hf/ Au/Si oxide/n-Si, and (d) device D: Hf/ Au/Si oxide/pB-FeSi»/n-Si

Table 1. Device parameters used in experiments and physical parameters for Monte Carlo simulations, silicon
oxide film is assumed as the insulator film
Parameters Values [units]
Silicon oxide thickness 8.0 [nm]
Si-O bond length 0.155 [nm] [33]
Effective mass of electrons 0.3my

Dielectric constant (SiO,) 3.8¢, [F/m]

B-FeSi, thickness 20 [nm]

Conduction band offset 0.2 [eV]
between -FeSi, and Si

Conduction band offset 3.1[eV]

between SiO; and Si

Au layer thickness
Work function of Au film

10 [nm] or 300 [nm]
5.4 [eV] [34]

Work function of Hf film 3.9 [eV][35]
Stress voltage (V) -5.0to +6.0 [V]
Degradation energy  (SiO») 5.7 [eV][36]
Ov creation energy  (SiO») 6.5 [eV][37]
E’ or E” creation energy(SiO,) 1.3 [eV] [38]
Ov annihilation energy(SiO,) 1.7 [eV] [38]

(&, is the dielectric constant of vacuum)
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3. MONTE CARLO SIMULATIONS AND PHYSCAL MODELS
3.1. Fundamental assumptions for Monte Carlo simulations

Our previous papers [18]-[20] suggested that hot electrons injected from the Si substrate
significantly contributed to the stable resistive switching of sputter-deposited silicon oxide films.
Accordingly, this paper details how important the injection of high-energy electrons is in establishing
resistive switching. For simulating resistive switching, this paper assumes that stress-induced degradation of
the silicon oxide film induces resistive switching; that is, constant voltage stress is assumed.

Figure 2(a) shows a schematic of the device structure assumed here (control device A) and Figure 2(b)
shows the simplified lattice image of silicon and oxygen atoms in the silicon oxide film. In Figure 2(a),
electrons are injected from the top metal electrode or the Si substrate. Though the crystalline image shown in
Figure 2(b) is not strictly appropriate for amorphous silicon oxide film, it is a nominal assumption to permit
the simulations.
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Figure 2. Device structure assumed and chemical bonding image of oxide material. (a) Device structure
(device A) and (b) Chemical bonding image of oxide material. Brackets reveal the lattice sites considered in
the simulations

Though this simplified assumption is not physically sufficient, it was already applied to the past
simulation to explain aspects of the stress-induced-leakage current (SILC) of sub-5-nm-thick SiO, films [39].
Simulation results successfully elucidated some mechanisms in addition to the past understanding, and they
reproduced quantitatively I-V characteristics of degraded SiO, films. Therefore, this paper applied this
simulation technique to the following simulations. Here it is assumed that the silicon oxide is 8.0 nm thick.
The physical thickness was chosen mainly due to the long-term reliability history of silicon oxide films [40].

In this paper, it is assumed that the sputter-deposited Si oxide film has intrinsic defects (the initial
degradation) in the film even after annealing at 800 C [18]-[20]. History notes that the electronic degradation
of silicon oxide film is often characterized by a change in Si-O bond angle and bond distance [33]. When the
Si-O bond site receives the degradation energy of 5.7 eV [36] by collisions of carriers or external high-energy
particles, it is considered that it reaches the worst case of the bond state without bond breakage. Since most
chemical bond states of sputter-deposited silicon oxide films are not ideal, it is anticipated that each bond site
is somewhat degraded; that is, the site has initially exhibits some part of the energy-based degradation. Thus,
Sections 4.1 and 4.2 tentatively assume that the initial level of degradation energy of the sputter-deposited
silicon oxide film increases linearly from 2.8 eV (at the bottom interface) to 3.1 eV (at the top surface). This
assumption is acceptable because the top surface of sputter-deposited film is more frequently degraded in
comparison to the bottom.

3.2. Physical models for the resistive switching in simulations

Physical images of the electroforming process and reset process are illustrated in Figures 3 and 4,
respectively. Carriers are injected from the top electrode or the Si substrate. Since carrier movement is
limited to a single atomic layer slice for the purpose of simulation simplicity, the calculations of carrier
traveling and inelastic scattering are carried out at every atomic site of the slice.

For silicon oxide films, the present author’s model successfully explains unipolar switching without
the direct Joule effect [21] because the energy to change the electronic state of atomic site ranges from 1 to 6
eV [19], [21]. Generally speaking, hot electrons have higher potential than “cold” electrons, so they can
provide the energy to atomic sites for resistive switching. It is considered that the simple Joule effect is not
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the primary mechanism for the resistive switching of sputter-deposited silicon oxide films, though the
conventional Joule effect may be a secondary mechanism.

When an electron loses a part of its energy at an atomic site, the energy accumulates in the bond state
the atom possesses. When the accumulated energy reaches a certain value, the bond is broken as is mentioned in
the previous sub-section. As mentioned above, it is assumed for simplicity that resistive switching does not alter
significantly the local lattice temperature, and that most energy dissipated by electrons is consumed in chemical
reactions. In other words, since the simulation does not take account of diffusion of chemicals [23]-[27], such as
H*, OH", and H,O, details of the chemical reactions are not discussed.
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Figure 3. Physical images of the electroforming process and the reset process of the film. (a) Device B is
assumed. A positive voltage is applied to the top electrode. Hot electrons are injected from the Si substrate
and (b) Device C is assumed. A negative voltage is applied to the top electrode and hot electrons are injected
from the top metal electrode
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Figure 4. Physical images of electroforming process and reset process inside the silicon oxide films. For the
hafnium oxide, a similar physical image is assumed except for E’ or E” centers

To take account of the initial energy distribution of electrons of the Si substrate and the metal
electrode we adopt the Fermi-Dirac function (See Figures 3(a) and 3(b)). In simulations for device B, the
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conduction band offset between the 3-FeSi, and the Si substrate is considered in electron injection from the
Si substrate (See Figure 3(a)), and in simulations for device C, the Fermi level difference of Hf and Au is
considered (See Figure 3(b)) because it is expected that most electrons are injected from the top electrode
(Hf). Device D is examined in order to investigate whether merging devices B and C provides any benefit.

Figure 4 summarizes the phenomena assumed here. As shown in Figure 4, in the reset process, it is
expected that some of the oxygen vacancies recover the Si-O-Si bond state, otherwise they change to E’ or
E” centers in the silicon oxide film [19], [36]. In the simulations of the reset process, the generation of E’ or
E” centers (only for silicon oxide) and the annihilation of oxygen vacancies are counted.

In the following simulations, it is assumed that oxygen vacancies created by collisions of carriers at the
atomic site produce seeds that form the conductive filament, and that the critical degradation fraction of atomic
sites is about 30% [41]. Therefore, the number of carriers injected is controlled so that the final degradation
fraction of atomic sites is over 30%, but less than 50%. In the simulations, it assumed that the degradation can
be represented by the total energy accumulated by inelastic collisions of electrons. The energy at the atomic site
is integrated, and the number of atomic sites whose energy is higher than the bond-breakage energy is counted.
When the degradation fraction is larger than 0.3, the simulation is stopped. Since it is expected that a voltage
pulse for writing the data is applied to the device in practical circuits, the number of electrons injected during
the pulse interval is calculated and the degradation fraction is counted after application of the voltage pulse.

We have already demonstrated XPS analysis results of excess silicon inclusions in a fabricated
sputter-deposited silicon oxide film [18]-[20]. It was suggested that excess Si precipitates enabled resistive
switching because sputter-deposited silicon oxide films without the Si precipitates didn’t show stable
resistive switching [20]. Since it is expected that large amounts of Si precipitates help the local breakdown or
degradation and finally the creation of the conductive filament, this assumption is reasonable [21]. In the
simulations, the number of electrons injected from the electrode and their energy-dependent distribution are
taken into account because it is anticipated that those parameters strongly influence the switching behavior.
Those parameters alter the initial tunnel current through the oxide film.

The effective electron current density (J) is estimated as:

J % fy o) [y D(E = E o (E) Tinsutator (E)AE (1)

where D(E) is the effective density of states of the Si substrate or metal electrode (Au), frp(£) is the Fermi-
Dirac function, TinsuuoAE) is the tunnel probability, and fi(V,y) is the bias factor given by the voltage drop
(Vox) across the insulator film. In carrier injection from the Si substrate and the top electrode, the effective
energy barrier of insulator film is considered as shown in (1); that is, the tunneling probability in the direct
tunneling condition and the Fowler-Nordheim tunneling condition are taken into account. In addition, the
bias factor f3(V,») alters the number of carriers injected from the electrode. Total number of carriers injected
depends on applied voltage and ranges from 10* to 103 per atomic slice.

4. RESULTS AND DISCUSSIONS
4.1. Unipolar switching potential of sputter-deposited si oxide films

This subsection starts with device A. In order to examine the unipolar switching process, in the
electroforming process, a positive voltage (4.0 V) is applied to the top electrode, and in the reset process, a positive
voltage (4.0 V) is again applied to the top electrode. Simulation results are shown in Figure 5. Figure 5(a) shows
the simulation result of the electroforming process, where electrons are injected from the Si substrate. The
degradation fraction of atomic sites is 35.2%. A clear conductive filament (bold white line) is generated.
Figure 5(b) shows the result of the reset process, where electrons are injected from the Si substrate. Though the
internal state of degradation is almost unchanged, the simulation result reveals that 8 E” or E” centers (O-Si=Si-O)
are created and 79 oxygen vacancies are annihilated in the reset process. Since these values are statistically
determined, they vary slightly in each simulation. However, their overall low values are meaningful.

The result suggests that combining this stack structure and the bias configuration is not successful in
achieving unipolar switching, as was clearly demonstrated in our previous experiments [20]. Since it is anticipated
that the high-energy fraction of electrons injected from the Si substrate heavily damage the film, it is reasonable to
expect that the reset process will be unable to recover the degradation generated in electroforming; this is supported
by the paucity of E’ or E” centers generated and the very small number of oxygen-vacancy annihilations. This is
the most obvious reason why unipolar switching does not occur readily under positive voltage stress.

Next, the impact of hot-electron injection is examined by simulations of device B. In order to examine
the potential of unipolar switching process, three-different simulations were carried out. The most interesting
result is shown in Figure 6, where, for the electroforming process, a positive voltage (3.5 V) is applied to the top
electrode, while for the reset process a positive voltage (4.0 V) is applied again to the top electrode.

Consideration of contribution of hot-electron injection to the resistive switching of... (Yasuhisa Omura)
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Figure 6(a) shows the simulation result of the electroforming process, where hot electrons are injected
from the Si substrate. In this configuration, the excess energy of electrons injected from the Si substrate is about
0.3 eV. The degradation fraction of atomic sites is 34.5%. A clear conductive filament (bold white line) is
generated. Figure 6(b) shows that yielded by the reset process, where hot electrons are injected from the Si
substrate. The degradation fraction of atomic sites is 3.5%. The important point in Figure 6(a) is the fact that the
degradation fraction in the post-electroforming state is roughly the same as that in Figure 5(a) in spite of the
lower stress voltage. This clearly demonstrates that the high-energy fraction of electrons injected from the Si
substrate plays an important role in the reset process. It is worthy to note that the number of E’ or E” centers (O-
Si=Si-0) created is 1353 and the number of annihilated oxygen vacancies is 3700 in Figure 6(b). This reveals
that most of the excess energy of electrons injected is consumed in the annihilation of oxygen vacancies; that is,
the impact of the excess energy of electrons is significant even if its value is at most 0.3 eV.

Top electrode (Au) Top electrode (Au)

Conductive filament

RSP . ‘e’ injection :
‘e’ injection n-Si substrate J n-Si substrate

(a) (b)

Figure 5. Unipolar-switching simulation results. Device A is assumed. Electrons are injected from the Si
substrate. Degradation images of 8-nm-thick silicon oxide film are shown. Carrier injection is indicated by
arrows. (a) After the 1st stress and (b) After the 2" stress
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Figure 6. Unipolar-switching simulation results. Device B is assumed. Hot electrons are injected from the Si
substrate. Degradation images of 8-nm-thick silicon oxide film is shown. Carrier injection is revealed by
arrows. (a) Post-electroforming state and (b) Post-reset state

Next, the other case of unipolar switching is considered. Device A is taken as the control device. A
negative voltage of -4.5 V is applied to the top metal electrode in the electroforming process, and a negative
voltage of -4.5 V is applied to the top metal electrode in the reset process. Simulation results are shown in
Figure 7. Figure 7(a) shows the simulation result of the electroforming process, where electrons are injected
from the top metal electrode (Au). The degradation fraction of atomic sites is 41.5%. A clear conductive
filament (bold white line) is generated. Figure 7(b) shows that of the reset process, where electrons are also
injected from the top electrode (Au). Though the internal situation of degradation is almost unchanged, the
simulation results reveals that 84 E’ or E” centers (O-Si=Si-O) are created and 313 oxygen vacancies are
annihilated in the reset process. This is very similar to the result in Figure 5(b).
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The result confirms our previous finding that suggests that this combination of stack structure and
bias configuration is not practical for realizing unipolar switching [42]. It is anticipated that unipolar
switching fails for basically the same reason as given for Figure 5. Using the same approach, we examine the
impact of hot-electron injection by simulating device C. An interesting result is shown in Figure 8, where, in
the electroforming process, a negative voltage (-3.65 V) is applied to the top electrode, and a negative voltage
(-4.3 V) is applied to the top electrode in the reset process.

Figure 8(a) shows the simulation result of the electroforming process, where hot electrons are
injected from the top metal electrode (Hf). The degradation fraction of atomic sites is 36.8%. A clear
conductive filament (bold white line) is generated. Figure 8(b) shows the result of the reset process, where
hot electrons are injected from the top metal electrode (Hf). The degradation fraction of atomic sites is 3.0%.
The important point in Figure 8(a) is the large degradation fraction in the post-electroforming state (roughly
the same as that in Figure 7(a)) in spite of the lower stress voltage. It is considered that the large degradation
fraction in Figure 8(a) is due to the large difference in Fermi levels of Hf and Au (See Table 1); the excess
energy of electrons injected from the top metal electrode (Hf) is about 1.5 eV. We can consider that the high-
energy electrons injected from the top metal electrode play an important role in the reset process. In the
simulation, the number of E” or E” centers created is 1623 and the number of annihilated oxygen vacancies is
3598 in Figure 8(b). It is also worthy to note that there are fewer E’ or E” centers than annihilated oxygen
vacancies; that is, a large part of the excess energy of electrons is consumed in the annihilation of oxygen
vacancies.

‘e’ injection Top electrode (Au) ‘e’ injection Top electrode (Au)
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Figure 7. Unipolar-switching simulation results. Device A is assumed. Electrons are injected from the top
metal electrode (Au). Degradation images of 8-nm-thick silicon oxide film is shown. Carrier injection is
revealed by arrows. (a) After the 1% stress and (b) After the 2" stress
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Figure 8. Unipolar-switching simulation results. Device C is assumed. Hot electrons are injected from the top
metal electrode (Hf). Degradation images of 8-nm-thick silicon oxide film is shown. Carrier injections are
revealed by arrows. (a) Post-electroforming state and (b) Post-reset state
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4.2. Bipolar switching potential of sputter-deposited si oxide films

Some aspects of bipolar switching in sputter-deposited silicon oxide films are discussed with reference
to the previous sub-section. At first, device A is considered. In order to examine the bipolar switching process,
the electroforming process applies a negative voltage (-4.0 V) to the top electrode, while the reset process
applies a positive voltage (4.0 V) to the top electrode. Simulation results are shown in Figure 9.

Figure 9(a) shows the simulation result of the electroforming process, where electrons are injected
from the top metal electrode. The degradation fraction of atomic sites is 38.2%. A clear conductive filament
(bold white line) is generated. Figure 9(b) shows the result of the reset process, where electrons are injected
from the Si substrate. Though the internal degradation result is basically unchanged, the simulation results
reveal that 14 E’ or E” centers are created and 84 oxygen vacancies are annihilated in the reset process.

‘e’ injection Top electrode (Au) Top electrode (Au)

Conductive filament

n-Si substrate ‘e’ injection n-Si substrate

(a) (b)

Figure 9. Bipolar-switching simulation results. Device A is assumed. Degradation images of 8-nm-thick silicon
oxide film are shown. Electrons are injected from the trop electrode for the electroforming process, and they are
injected from the n-Si substrate for the reset process. (a) After the 1% stress and (b) After the 2™ stress

The above result suggests that this stack structure and bias configuration is ineffective in terms of
bipolar switching. Other simulation results (not shown here) reveal that a much higher voltage is needed in
the reset process to achieve successful switching, which was clearly seen in our previous experiments [42]. In
this case, it has been found that a relatively large number of electrons are injected from the top metal
electrode in the electroforming process, making a higher voltage (~6V) essential if the reset process is to
realize adequate switching performance. This is supported by the paucity of E’- or E”-centers generated and
very few oxygen-vacancy annihilation events in the reset process at 4V.

To further address this point, device B is examined. The electroforming process applies a negative
voltage (-4.0 V) to the top electrode, while the reset process applies a positive voltage (4.0 V) to the top
electrode. Simulation results are shown in Figure 10. Figure 10(a) shows the simulation result of the
electroforming process, where electrons are injected from the top metal electrode. The degradation fraction of
atomic sites is 34.2%. A clear conductive filament (bold white line) is generated. Figure 10(b) shows the results
of the reset process, wherein hot electrons are injected from the Si substrate. The conductive filament has
disappeared. The degradation fraction of atomic sites is 3.6%. The simulation results reveal that 1345 E’ or E”
centers are created, with 3677 annihilated oxygen vacancies. The above result reveals that this combination of
stack structure and bias configuration can realize stable bipolar switching, and that the contribution of hot
electrons to the successful switching realization is significant. A comparison to the case shown in Figure 9,
indicates that the use of hot electrons is very meaningful in terms of lowering the switching voltage.

To discuss this in more detail, device C is examined. The electroforming process applies a negative
voltage (-3.65 V) to the top electrode, while the reset process applies a positive voltage (3.7 V) to the top
electrode. Simulation results are shown in Figure 11. Figure 11(a) shows the simulation result of the
electroforming process, where hot electrons are injected from the top metal electrode. The degradation
fraction of atomic sites is 38.3%. The degradation fraction of atomic sites is larger than that in Figure 10(a)
even though the top-electrode voltage is lower than that in Figure 10(a). Although no clear conductive
filament is created, sufficient degradation is obtained as shown in Figure 11(a). Figure 11(b) shows that in
the reset process, electrons are injected from the Si substrate. The degradation fraction of atomic sites is
drastically reduced (1.1%). The simulation results reveal that the number of E’ or E” centers created is 908,
and the number of annihilated oxygen vacancies is 4098. The reduction in oxygen vacancies is more
significant than the creation of E’ or E” centers.
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Figure 10. Bipolar-switching simulation results. Device B is assumed. Degradation images of 8-nm-thick silicon
oxide film are shown. Electrons are injected from the top electrode in the electroforming process, and hot electrons
are injected from the n-Si substrate in the reset process. (a) Post-electroforming state and (b) Post-reset state
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Figure 11. Bipolar-switching simulation results. Device C is assumed. Degradation images of 8-nm-thick silicon
oxide film are shown. Hot electrons are injected from the top electrode in the electroforming process, and they are
injected from the n-Si substrate in the reset process. (a) Post-electroforming state and (b) Post-reset state

Finally, device D, a merger of device B and device C, is examined in order to consider how dual
hot-electron injection can improve the switching behavior. For the electroforming process, a negative voltage
(-3.5 V) is applied to the top electrode, and for the reset process, a positive voltage (3.5 V) is applied to the
top electrode. Simulation results are shown in Figure 12.

Hot ‘e’ injection Top electrode (Hf) Top electrode (Hf)
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Figure 12. Bipolar-switching simulation results. Device D is assumed. Degradation images of 8-nm-thick
silicon oxide film are shown. Hot electrons are injected from the top electrode for the electroforming process,
and they are injected from the n-Si substrate for the reset process. (a) Post-electroforming state and
(b) Post-reset state
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Figure 12(a) shows the simulation result of the electroforming process, where hot electrons are
injected from the top metal electrode. The degradation fraction of atomic sites is 34.9%. Though no clear
conductive filament is generated, sufficient degradation is obtained. Figure 12(b) shows that the reset process
injects hot electrons from the Si substrate and that the degradation in the film is almost completely
eradicated. The degradation fraction of atomic sites is 0.65%. The simulation results reveal that the number
of E’ or E” centers created is 824, and the number of annihilated oxygen vacancies is 4174. The results show
a significant reduction in oxygen vacancies, which is an interesting point similar to that found with device C.
In addition, it is worthwhile noting that the number of E’ or E” centers created is much smaller than that of
annihilated oxygen vacancies, which is similar to the result shown in Figure 11(b). It is suggested that the
high-energy component of electrons injected from the Si substrate contributes significantly to the reduction in
oxygen vacancies even for the case without hot-electron injection from the Si substrate.

4.3. Comprehensive discussion
All simulation results are summarized in Table 2. The following points, not discussed in the above

sections, are introduced in Table 2.

a) Unipolar switching by a single silicon oxide film is not easy without the aid of hot-electron injection.
This is very clear from a comparison of Figures 5 and 6, and of Figures 7 and 8.

b) Bipolar switching from a single silicon oxide film is not easy without the aid of hot-electron injection.
This is very clear from a comparison of Figures 9 and 10.

¢) The switching voltage of the bipolar switching of single silicon oxide film is not easily lowered, even
with the aid of hot carrier injection. This is seen by comparing Figures 9, 10, 11, and 12.

d) Devices C and D are promising for bipolar switching in future memory applications because the number
of E” or E” centres in the post-reset process is smaller than that of device B; decreasing the number,
lowers the leakage current.

Table 2. Summary of simulation results (U: unipolar, B: bipolar)

Film material Device structure Switching  Forming process Reset process
(Bias condition) Deg. fraction Deg. fraction E’, E” centers  Ov annihilated

Silicon oxide A (+4V->+4V) Not work 352% 33.5% 8 79
Silicon oxide B (+3.5>+4V) U 34.5% 3.5% 1353 3700
Silicon oxide A (-4.5V->-4.5V) Not work 41.5% 33.6% 84 313
Silicon oxide  C (-3.65V>-4.3V) 0] 36.8% 3.0% 1623 3598
Silicon oxide A (-4V>+4V) Not work 38.2% 36.2% 14 84
Silicon oxide B (-4V->+4V) B 34.2% 3.6% 1345 3677
Silicon oxide ~ C (-3.65V>+3.7V) B 38.3% 1.1% 908 4098
Silicon oxide D (-3.5V2>+3.5V) B 34.9% 0.65% 824 4174

5. CONCLUSION

This paper discussed the various impacts of hot-electron injection on the switching behavior of
sputter-deposited silicon oxide films with the aid of Monte Carlo simulations. Switching behaviors of various
stack structures were examined, and important parameters were summarized. Simulations yielded the
following primary results. (a) Hot-electron injection is very useful in enabling the successful switching of
sputter-deposited silicon oxide film. (b) Hot-electron injection promises a significant reduction in the
switching energy of sputter-deposited silicon oxide films. (c) Two-layer stack of metals can significantly
reduce the number of oxygen vacancies in the sputter-deposited silicon oxide film after the reset process. It is
anticipated that the wide electron energy distribution, which is wider than the distribution assumed for device
B, plays an important role. (d) In unipolar switching, the number of E’ or E” centers of the sputter-deposited
silicon oxide film is relatively large. This matches the prediction made in our previous papers. The results
confirm that the Monte Carlo simulation model assumed in this paper is at least available for the analysis of
resistive switching phenomena of silicon oxide films.
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