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Abstract

:

A memristor is a new generation memory that merges dynamic random access memory and flash properties. In addition, it can be used in neuromorphic electronics. The advantage of silicon oxynitride, as an active memristor layer, over other dielectrics it is compatibility with silicon technology. It is expected that SiNxOy-based memristors will combine the advantages of memristors based on nonstoichiometric silicon oxides and silicon nitrides. In the present work, the plasma-enhanced chemical vapor deposition (PECVD) method was used to fabricate a silicon oxynitride-based memristor. The memristor leakage currents determine its power consumption. To minimize the power consumption, it is required to study the charge transport mechanism in the memristor in the high-resistance state and low-resistance state. The charge transport mechanism in the PECVD silicon oxynitride-based memristor in high and low resistance states cannot be described by the Schottky effect, thermally assisted tunneling model, Frenkel effect model of Coulomb isolated trap ionization, Hill–Adachi model of overlapping Coulomb potentials, Makram–Ebeid and Lannoo model of multiphonon isolated trap ionization, Nasyrov–Gritsenko model of phonon-assisted tunneling between traps, or the Shklovskii–Efros percolation model. The charge transport in the forming-free PECVD SiO0.9N0.6-based memristor in high and low resistance states is described by the space charge limited current model. The trap parameters responsible for the charge transport in various memristor states are determined. For the high-resistance state, the trap ionization energy W is 0.35 eV, and the trap concentration Nd is 1.7 × 1019 cm−3; for the low-resistance state, the trap ionization energy W is 0.01 eV, and the trap concentration Nt is 4.6 × 1017 cm−3.
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1. Introduction


Silicon oxynitride (SiNxOy) is a promising material, and it has very wide applications in different fields [1]. However, we will focus only on one of the silicon oxynitride applications as a memristor element [2]. A memristor is an element that can switch between high resistance state (HRS) and low resistance state (LRS) and save those states for 10 years at 85 °C [3,4]. SiNxOy is the mixture between silicon oxide (SiO2) and silicon nitride (Si3N4) [5,6]. SiO2 and Si3N4 are still the main materials used in silicon technology. Hence, the undoubted advantage of SiNxOy is that it is compatibility with standard technological processes of modern silicon microelectronics. SiNxOy is already used in logic devices as a thin layer (0.5–0.7 nm) at the interfaces with silicon when using high-k dielectrics to create a transistor gate. It is expected that memristors based on SiNxOy will combine the advantages of memristors based on nonstoichiometric silicon oxide (SiOx) and silicon nitride (SiNx), which are currently studied on a wide front [7,8,9,10]. According to our previous research data, the performance of SiOx-based memristors is higher than that of SiNx-based memristors [9,10]; the switching voltage in the SiOx-based memristors (+10 V and −10 V) is lower than in the SiNx-based memristors (+10 V and −16 V) with similar leakage current in the LRS and HRS. Therefore, the power consumption in the SiOx-based memristors is less than in the SiNx-based memristors. On the other hand, SiNx-based memristors are characterized by a longer storage time [9,10]. The SiNxOy-based memristors have a wide range of control of physical properties through the ability to vary the chemical composition, which opens up the possibility of controlling the memory properties. In addition, it can be expected that SiNxOy-based memristors will have a higher information storage time than SiOx-based memristors. This hypothesis is based on the fact that the information storage time is determined by the defect diffusion involved in the conductive filament forming (filament consists of nitrogen vacancies for SiNx-based memristors and of oxygen vacancies for SiOx-based memristors), and the nitrogen self-diffusion coefficient value (0.212 cm−2/s at 25 °C [11]) is lower than that of oxygen (0.232 cm−2/s [11]). The diffusion coefficient value of nitrogen in SiNx [12] and the diffusion coefficient value of oxygen in SiOx [13] are more difficult to compare due to their very strong diffusion coefficient dependence on temperature and the layer-forming technique [13]. Finally, SiNxOy-based memristors should have a higher performance than SiNx-based memristors due to the lower nitrogen vacancy formation energy compared to the silicon vacancy.



The memristor is very sensitive to the obtaining by the active layer technology and contacts to the active area. As an example, the GeO[SiO2]-based memristor has a better memory window (LRS/HRS ratio) than the GeO[SiO]-based memristor with the same contacts [14]. Silicon oxynitride films can be obtained by various methods: magnetron deposition [15], low-pressure chemical vapor deposition [16] and plasma-enhanced chemical vapor deposition (PECVD) [17]. The advantage of the PECVD method for the silicon oxynitride film is low deposition temperature that can be used to easier integrate the PECVD silicon oxynitride film in the formation of crossbar structures.



Usually, the charge transport in silicon oxynitride layers is described by the Frenkel effect [18,19]. Recently, it has been established that the model of phonon-assisted tunneling between neighboring traps describes the charge transport in the chemical vapor deposition of SiNxOy [20]. We studied the charge transport mechanism in detail in forming-free PECVD SiOx [9] and forming-free PECVD SiNx [10]. We also studied in detail the electronic structure and optical properties of different composition PECVD SiNxOy films for memristor applications [21]. Few papers study the charge transport mechanism in depth. In [16], SiNxOy film was obtained by the oxygen plasma treatment of LPCVD silicon nitride. As a result, the authors obtained the memristor with a SiNxOy layer and a silicon nitride layer. In this work, they explained the charge transport mechanism by the space-charge limited current (SCLC) model, but the modelling of experimental data was made only for the Si3N4-based memristor in the HRS. Thus, the aim of this work is to determine the charge transport mechanism in the PECVD SiNxOy memristor and estimate the trap concentration and trap ionization energy.




2. Materials and Methods


SiNxOy:H films were obtained by PECVD with a gas mixture of SiH4, N2, and O2 on p++-type Si (100) wafers after the RCA-1 cleaning procedure followed by oxide removal in diluted hydrofluoric acid, a final rinsing in deionized water, and drying in a nitrogen stream. However, after all the procedures, the loading of the substrate into the PECVD chamber was carried out through air; accordingly, the silicon was covered with a fresh natural oxide layer. The PECVD unit has a wide-aperture inductive plasma source with frequency 13.56 MHz and a turbomolecular pump. The residual pressure in the reactor was less than 10−6 Torr. The substrate temperature was set at 200 °C and maintained during the deposition process automatically by a heater. The SiH4 flow was constantly supplied to the reaction zone (gas mixture of 10% SiH4 diluted with Ar) and its supply rate was 10 sccm. The films were obtained at the nitrogen flow rate value of 6 sccm. This nitrogen flow value range is optimal (as it was found earlier when studying the PECVD SiNxOy films). If we applied a lower nitrogen flow, the obtained samples were not suitable for the memristor application. If we applied a higher nitrogen flow, the nitrogen content in plasma increased very slowly. Nitrogen gas was diluted with oxygen so that the oxygen concentration in the mixture was less than 1%. The low oxygen content in the gas mixture is needed to obtain the films highly enriched with silicon because oxygen has a very high chemical activity with silicon. In addition, the high oxidation rate is expected because of the presence of Ar [22]. The film was formed at the 6 sccm N2 flow and plasma generator power 150 W. The silicon oxynitride films with a thickness of about 33 nm were obtained with this PECVD method. The film composition was studied using the method of X-ray photoelectron spectroscopy (XPS). Based on the intensity of the peaks of silicon, oxygen, and nitrogen in the XPS spectra, the composition was determined as SiO0.9N0.6. To obtain the metal–dielectric–semiconductor memristor structure, the nickel electrodes were deposited through a metal mask using magnetron sputtering in the Ar atmosphere. The obtained nickel electrodes had a 200 nm thickness and a 0.5 mm2 area. A continuous 200 nm thick nickel layer was deposited on the p++-type back substrate side.



The current–voltage measurements were carried out in the temperature range of 300 to 400 K in the LTS420E Linkam cell by using the Keithley 2400 and temperature controller Linkam T95 devices. The voltage ramp rate used for the current–voltage measurements was 0.9 V/s.



To clarify the charge transport mechanism, the temperature current–voltage (IV) characteristics were taken for the PECVD SiO0.9N0.6-based memristor in the HRS and LRS. These characteristics were compared with two contact-limited models, namely, the Schottky effect model [23] and the thermally assisted tunneling (TAT) mechanisms [24,25], and six bulk-limited models, namely, the Frenkel effect model of Coulomb isolated trap ionization [26,27], the Hill–Adachi (H-A) model of overlapping Coulomb potentials [28,29], the Makram–Ebeid and Lannoo (ME-L) model of multiphonon isolated trap ionization [30], the Nasyrov–Gritsenko (N-G) model of phonon-assisted tunneling between traps [31], the Shklovskii–Efros (S-E) percolation model [32,33], and the SCLC model [34,35,36,37].



In the Schottky effect, the current is limited by the thermal electron emission through the barrier, which is reduced due to image forces (Figure 1a) [23]. The Schottky effect current is described by the following equation:


  I = A S  T 2  exp  (  −    W 0  −    (     e 3    4 π  ε ∞   ε 0     )    1 / 2      U d      k T    )  ,  



(1)






  A =   4 π  m *   k 2  e    m e   h 3    = 120.4    m *     m e     [   A  c  m 2   K 2     ]   








where I—current, A—Richardson–Deshman constant, S—contact area, T—temperature, W0—potential barrier height at the metal/SiOxNy interface, U—voltage, d—dielectric thickness, k—Boltzmann constant, e—electron charge, ε∞ = n2—high-frequency dielectric permittivity, n—refractive index, ε0—dielectric constant, m*—electron effective mass, me—electron mass, h—Plank constant.



The TAT model describes the charge transport mechanism, where an electron, after the phonon absorption, is excited to a certain energy value and then tunnels through a triangle barrier (Figure 1b) [24,25]. The current for the TAT model has the following formula [24,25]:


  I =   2 π  m *  k T      (   e h   )   2  S  U d  exp  (  −    W 0  −  1 6     (    h e ×  (   U d   )    4 π k T    m *       )   2    k T    )  ,  



(2)







The current I through the material-containing traps can be described by the following equation [20]:


  I = e  N  2 / 3   S P  



(3)




where N = a−3—trap concentration, a—average distance between traps, S—contact area, and P—trap ionization probability.



The Frenkel effect is due to a lower Coulomb positively charged trap potential in a strong electric field (Figure 2a). The Coulomb trap ionization probability has the following form [26,27]:


  P = ν exp  (  −   W −    (     e 3    π  ε ∞   ε 0     )    1 / 2      U d      k T    )  ,  



(4)




where ν = W/h—attempt to escape factor, W—trap ionization energy.



The H-A model describes the charge transport mechanism though overlapping Coulomb traps. In the H-A model, the trap ionization probability is described by the following equation (Figure 2b) [28,29]:


  P = 2 ν exp  (  −   W −    e 2    π  ε ∞   ε 0  s     k T    )  sinh  (    e  U d  s   2 k T    )   



(5)







According to the ME-L model, the charge transport in a dielectric is controlled by the multiphonon isolated trap ionization (Figure 2c) [30]. The current density is described by Equation (3), and the trap ionization probability in the ME-L model is described by Equations (6) and (7) [30]:


  P =  ∑  exp  (    n  W  p h     2 k T   −    W  o p t   −  W t     W  p h     coth   n  W  p h     2 k T    )     I n   (     W  o p t   −  W t     W  p h   sinh  (     W  p h    /  2 k T    )     )   P i   (   W t  + n  W  p h    )   



(6)






   P i  =   e ×  (   U d   )    2   2  m *  W     exp  (  −  4 3      2  m *      ℏ e ×  (   U d   )     W   3 / 2     )   



(7)




where Wt—thermal trap energy, Wopt—optical trap energy, Wph—phonon energy, In—modified Bessel function, Pi—tunneling probability through a triangular barrier, and ћ = h/2π—reduced Plank constant.



The electron is excited from the ground state with the multiphonon absorption, and it tunnels to a neighboring trap due to a large integral overlapping value in the N-G model (Figure 2d). In the N-G model, the trap ionization probability is given by the following equation [31]:


  P =   2  π  ℏ  W t     m *   s 2    2 k T  (   W  o p t   −  W t   )      exp  (  −    W  o p t   −  W t    k T    )  exp  (  −   2 s   2  m *   W t     ℏ   )  sinh  (    e  U d  s   2 k T    )   



(8)







The charge transport in a non-stoichiometric dielectric can be described according to the S-E percolation model [32,33]. This model assumes that excited electrons with an energy higher than the percolation energy We are delocalized, and, moving round a random potential, they transfer the charge. The current–voltage characteristics have the following form [32,33]:


  I =  I 0  exp  (  −    W e  −   ( C e  U d  a  V 0 γ  )    1  1 + γ       k T    )  ,  



(9)




where I0 is the pre-exponential factor, We is the percolation energy, a is the space scale of fluctuations, V0 is the energy fluctuation amplitude, C ≈ 0.25 is a numeric constant, and ɣ is the critical index and is equal to 0.9.



The theory of SCLC between flat parallel electrodes is presented in detail in [37]. The current in the SCLC model consists of several sections with different current–voltage dependences. In our case, there are Ohmic and quadratic parts, which are given by the following expressions:


  I =  I  Ohm   +  I  SCLC   = S e μ n  U d  + S  9 8  μ ε  ε 0  θ    U 2     d 3    ,  



(10)






  n =   2  N d    1 +   1 +   4 g  N d     N c    exp  (     E a    k T    )      ;                N c  = 2    (    2 π  m *  k T    h 2     )     3 2    ;               θ =    N c     N t    exp  (    −  W t    k T    )  ;  



(11)




where S is the area involved in the charge transport, μ is electron mobility, n is free electron concentration in the dielectric, ε is static dielectric constant, θ is the fraction of free electrons from all injected ones (trapped and free), Nd is donor concentration, g is degeneracy factor, Nc is effective density of states, Ea is donor activation energy, Nt is trap concentration, Wt is trap energy, m* is electron effective mass, and h is the Planck constant.



If we have the third part in the SCLC model not proportional to the square, we will use the following SCLC formula [37]:


  I = S e μ n  U d  + S  9 8  μ ε  ε 0  θ    U 2     d 3    + S  N c  μ  e  1 − l      (    ε l    N c   (  l + 1  )     )   l     (    2 l + 1   l + 1    )    l + 1      U  l + 1      d  2 l + 1      



(12)




where l = Tt/T, and Tt is the temperature parameter that characterizes the exponential trap distribution.



To compare the theoretical charge transport models and the temperature IV characteristics, we used the method of least absolute deviations [38]. Most theoretical models are described in the logarithmic form (Log J~U or J~eU); in addition, most IV characteristics are also described in the form of Log J~U. Therefore, we used the absolute deviation as per the following formula:


   Δ  max   =  |  Log    J  theory      J  experiment      |  × 100 %  



(13)







The method of least absolute deviations was applied until the absolute deviation of the theoretical maximum current value from the experiment was 20% or less.



To model the experimental data, we used only the analytical calculation using Mathematica software. To conduct a more accurate simulation, we needed to account for the local field distribution in the sample with the Poisson equation and Shockley–Read–Hall statistics for the trap occupation. However, that required more specialized and complex software for numerical calculation.




3. Results and Discussion


The IV characteristics of the obtained PECVD SiO0.9N0.6-based memristor structures and their switching were investigated. The switching cycles for a PECVD SiO0.9N0.6-based memristor are shown in Figure 3. There were only two states: HRS and LRS. The PECVD SiO0.9N0.6-based memristor in the initial state (before forming) was in the LRS. Hence, the PECVD SiNxOy-based memristor did not require forming, which is an advantage, compared to memristors based on PECVD SiOx:H [9] and PECVD SiNx:H [10]. The memristors based on PECVD SiOx:H [9] and PECVD SiNx:H [10] have a unique forming process: the forming process does not require high voltages for the first switch, and the initial state in those memristors has a smaller resistance than that of LRS; however, after the first cycle, we cannot return to the initial state. Therefore, the memristors based on PECVD SiOx:H and PECVD SiNx:H need a forming stage, but they do not require high voltages for the forming cycle, which avoids the memory cell breakdown.



3.1. Contact-Limited Charge Transport Mechanism in the PECVD SiO0.9N0.6-Based Memristor


The IV characteristics of the PECVD SiO0.9N0.6-based memristor in the HRS and LRS were simulated by contact-limited charge transport models. The Schottky effect and thermally assisted tunneling (TAT) model qualitatively were used to describe the IV characteristics of the PECVD SiNxOy-based memristor in the LRS (Figure 4a) and HRS (Figure 4c). However, the Schottky effect predicted an abnormally small effective mass value for the PECVD SiNxOy-based memristor (for the LRS m* = 2.3 × 10−5 me and for the HRS m* = 1 × 10−12 me). The Schottky effect also gave an abnormally larger high-frequency dielectric constant value for the PECVD SiNxOy-based memristor (for the LRS ε∞ = 18 and for the HRS ε∞ = 9). The TAT model did not describe the charge transport mechanism because when modelling the experimental data, it obtained abnormally small values for the transport area for the PECVD SiNxOy-based memristor (for the LRS S = 4 × 10−16 m2 and for the HRS S = 1.0 × 10−14 m2). In addition, the barrier energies for the Schottky effect and TAT model were 0.15 eV for the LRS and HRS. Those energies represent the barrier energies at the Si/SiO0.9N0.6 interface. In [20], we estimated the energy gap as 4.1 eV for this memristor structure. Thus, the barrier energies at the Si/SiO0.9N0.6 interface for an electron and a hole, at least, will be around 1 eV or more in the HRS.




3.2. Bulk-Limited Charge Transport Mechanism in the PECVD SiO0.9N0.6-Based Memristor


In the memristor, the HRS conduction filament is partially or fully disrupted. In that case, conduction in the HRS is similar to dielectric conduction. Thin dielectric film conductivity can be divided into two processes: charge-carrier injection from the contact into the dielectric, and charge transport in the dielectric bulk. Because current depends on temperature, we excluded the Fowler–Nordheim model [39]. If there is a high trap concentration in the dielectric, then the space charge on them limits the injection from the contact, and the leakage current is limited by the trap ionization rate. The trap ionization can be described by six analytical bulk-limited current models.



The experimental charge transport simulation data with the Frenkel effect for the PECVD SiO0.9N0.6-based memristor in the LRS and in HRS are shown in Figure 5a and Figure 6a. From the current temperature dependence, we found that the trap ionization energy was 0.13 eV. The attempt to escape factor controls the vertical position of the theoretical IV characteristic, and it can be found from the trap ionization energy with formula ν = W/h = 3.1 × 1013 s−1. The trap concentration parameter in the Frenkel model also governs the vertical theoretical curve position, and the high-frequency dielectric constant governs the slope of the theoretical curve. To describe the experimental data by the Frenkel effect, we obtained the abnormally low trap concentration value for the PECVD SiO0.9N0.6-based memristor (for the LRS N = 8 × 106 cm−3 and for the HRS N = 100 cm−3) and the abnormally large high-frequency dielectric constant value for the PECVD SiO0.9N0.6-based memristor in both states (for the LRS ε∞ = 65 and for the HRS ε∞ = 28).



The IV characteristics of the PECVD SiO0.9N0.6-based memristor and the results of the simulation by the H-A model are shown in Figure 5b and Figure 6b. The H-A model describes the charge transport when Coulomb traps overlap; the overlapping happens when the distance between traps is small. Therefore, the trap concentration is large. Hence, we could use the H-A model to obtain an accurate estimate of the trap concentration value (for the LRS—N = 3.5 × 1020 cm−3 and for the HRS—N = 3.5 × 1020 cm−3). The attempt to escape factor could be found with the same formula as in the Frenkel model. Moreover, with the trap ionization energies W = 0.22 eV for the LRS and W = 0.35 eV for the HRS, the theoretical attempt to escape factor values were ν = 5.3 × 1013 s−1 for the LRS and ν = 8.5 × 1013 s−1 for the HRS. However, to describe the experimental data, the H-A model predicts the abnormally small attempt to escape factor values (for the LRS—ν = 8 × 103 s−1 and for the HRS—ν = 1.2 × 101 s−1) for the PECVD SiO0.9N0.6-based memristor in both states. In addition, the abnormally large high-frequency dielectric constant value for the PECVD SiO0.9N0.6-based memristor in both states is predicted by the H-A model (for the LRS—ε∞ = 60 and for the HRS—ε∞ = 20). Thus, the H-A model does not describe the charge transport mechanism in the PECVD SiO0.9N0.6-based memristor.



The ME-L model describes the multiphonon ionization of isolated traps. When we modeled the experimental data with this model, we obtained reasonable thermal trap ionization energy, optical trap ionization energy, and effective mass values (Figure 5c and Figure 6c). However, in the ME-L model, the trap concentration value was predicted to be abnormally small (for the LRS—N = 1.2 × 109 cm−3 and for the HRS—N = 1.0 × 103 cm−3). In addition, for the LRS, even with those reasonable parameters, the ME-L model described the experimental data only at high voltages. Therefore, the ME-L model did not describe the charge transport mechanism in the PECVD SiO0.9N0.6-based memristor in any states.



The IV characteristics of the PECVD SiO0.9N0.6-based memristor and results of simulation by the N-G model are shown in Figure 5d and Figure 6d. The N-G model is similar to H-A model and describes the charge transport mechanism at a high trap concentration, and the N-G model predicts the same trap concentration as in the H-A model (for the LRS—N = 3.5 × 1020 cm−3 and for the HRS—N = 3.5 × 1020 cm−3). It is the same value because the N-G model and the H-A model govern the same theoretical slope and vertical position as in another model. However, the N-G model did not describe the charge transport mechanism, since quantitative agreement of the experimental data and the theoretical models was reached with the abnormally large effective mass value for the PECVD SiO0.9N0.6-based memristor (for the LRS—m*= 47 me and for the HRS—m*= 9.2 me).



For the S-E percolation model, the resulting fluctuation space scale was about 0.6 nm for the LRS and 1.4 nm for the HRS for the PECVD SiO0.9N0.6-based memristor (Figure 5e and Figure 6e). Since the tunneling probability at such spatial scales was high, the classical approximation criterion of the S-E model applicability was not fulfilled. Thus, the S-E percolation model could not be used to describe the charge transport mechanism in the PECVD SiO0.9N0.6-based memristor in any states.



To apply the SCLC model, we did not account for the switching process. In the classical SCLC, an increase in current is related to filling traps, but in the memristor switching process, it is very complex and is usually related to creating and destroying a conduction channel. Thus, the SCLC cannot be applied to bipolar memristors. The SCLC can only be applied individually to the LRS or HRS without the switching process. To account for the differences in memristor states, we introduced the filament size changes from state to state. We did not account for the conductive filament thickness changes, although in the HRS the conductive channel can dissolve partially or completely. In addition, we did not take into account the possibility of structural changes in the conductive channel during the resistance switching. With those assumptions, the current in the LRS and in HRS for the PECVD SiO0.9N0.6-based memristor was described by the SCLC model (Figure 5f and Figure 6f). There are many variable parameters in the SCLC model. The effective mass was taken as m* = 0.5 me, and the static dielectric constant value was taken as 6 for SiO0.9N0.6. The simulation of the experimental IV characteristics in the LRS for the PECVD SiO0.9N0.6-based memristor showed that the effective conducting channel diameter of was 820 nm, the donor defect ionization energy was 0.11 eV, the donor defect concentration was 5.5 × 1019 cm−3, the trap ionization energy was 0.01 eV, and the trap concentration was 4.6 × 1017 cm−3. The simulation of the experimental IV characteristics in the HRS for the PECVD SiO0.9N0.6-based memristor gave the following results: the conductivity spanned the entire contact area (S = 0.005 cm2), the donor defect ionization energy was 0.19 eV, the donor defect concentration was 4.6 × 1017 cm−3, the trap ionization energy was 0.35 eV, and the trap concentration was 1.7 × 1019 cm−3. In the HRS, there was a third section of SCLC with a degree of 2.3. The Table A1 and Table A2 in Appendix A show all fitted parameters in all applied models.



The SCLC characteristics were significantly different from those of the experimentally observed in the HRS at 400 K from the 3 V to the 4 V part of the curve. This difference was due to the pre-switching portion of the IV curve, which was similar to the IV curve in Figure 3 from 6 V to 8 V. At a higher temperature, the switching began at a low voltage, as shown in Figure 6f. We simulated the IV curves only at a fixed resistance. However, at this pre-switching portion, the resistance began to change. Thus, we did not include it in the simulation.





4. Conclusions


The IV characteristics of the obtained PECVD SiO0.9N0.6-based memristor structures and their switching revealed that the PECVD SiO0.9N0.6-based memristor is forming-free. To clarify the charge transport mechanism in the PECVD SiO0.9N0.6-based forming-free memristor, the current at different temperature values in the high resistance state and low resistance states was simulated by the Schottky effect, the thermally assisted tunneling model, the Frenkel effect model of Coulomb isolated trap ionization, the Hill–Adachi model of overlapping Coulomb potentials, the Makram–Ebeid and Lannoo multiphonon isolated trap ionization model, the Nasyrov–Gritsenko model of phonon-assisted tunneling between traps, the Shklovskii–Efros percolation model, and the space-charge limited current model. After filtering out the models by various fitted parameters, the charge transport mechanism in the forming-free PECVD SiOxNy-based memristor in the high and low resistance states could be described by the space-charge-limited current model. The trap ionization energy Wt = 0.35 eV and the trap concentration Nd = 1.7 × 1019 cm−3 were obtained from simulation using the SCLC model in the high resistance state. For the low resistance state, the trap ionization energy was Wt = 0.01 eV, and the trap concentration was Nt = 4.6 × 1017 cm−3.
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Table A1. Constant and fitted parameters of the Schottky effect, TAT model, Frenkel effect, and H-A model. The bold and underline parameters are parameters due to which the model does not fit experimental data.






Table A1. Constant and fitted parameters of the Schottky effect, TAT model, Frenkel effect, and H-A model. The bold and underline parameters are parameters due to which the model does not fit experimental data.





	
State

	
Schottky Effect

	
TAT

	
Frenkel Effect

	
H-A Model






	
LRS

	
Constant:

S = 0.005 cm2 *

d = 33 nm

Fitted:

W0 = 0.07 eV

ε∞ = 18

m* = 2.3 × 10−5 me

	
Constant:

d = 33 nm

Fitted:

W0 = 0.04 eV

S = 4 × 10−16 m2

m* = 6.9 me

	
Constant:

S = 0.005 cm2 *

d = 33 nm

Fitted:

W = 0.13 eV

ν = 3.1 × 1013 s−1

ε∞ = 65

N = 8.0 × 106 cm−3

	
Constant:

S = 0.005 cm2 *

d = 33 nm

Fitted:

N = 3.5 × 1020 cm−3

W = 0.22 eV

ε∞ = 60

ν = 8.0 × 103 s−1




	
HRS

	
Constant:

S = 0.005 cm2

d = 33 nm

Fitted:

W0 = 0.15 eV

ε∞ = 9

m* = 1.0 × 10−12 me

	
Constant:

S = 0.005 cm2

d = 33 nm

Fitted:

W0 = 0.15 eV

S = 1.0 × 10−14 m2

m* = 1.4 me

	
Constant:

S = 0.005 cm2

d = 33 nm

Fitted:

W = 0.24 eV

ν = 5.8 × 1013 sec−1

ε∞ = 28

N = 1.0 × 102 cm−3

	
Constant:

S = 0.005 cm2

d = 33 nm

Fitted:

N = 3.5 × 1020 cm−3

W = 0.35 eV

ε∞ = 20




	
ν = 1.2 × 101 s−1








* Area is a fitted parameter in the LRS, but the modeling had been stopped due to other parameters before the area parameter could be determined.
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Table A2. Constant and fitted parameters of the ME-L model, N-G model, S-E model, and SCLC model. The bold and underline parameters are parameters due to which the model does not fit experimental data.






Table A2. Constant and fitted parameters of the ME-L model, N-G model, S-E model, and SCLC model. The bold and underline parameters are parameters due to which the model does not fit experimental data.





	
State

	
ME-L Model

	
N-G Model

	
S-E Model

	
SCLC






	
LRS

	
Constant:

S = 0.005 cm2 *

d = 33 nm

Fitted:

N = 1.2 × 109 cm−3

Wt = 0.1 eV

Wopt = 0.2 eV

Wph = 60 meV

m* = 6 me

	
Constant:

S = 0.005 cm2 *

d = 33 nm

Fitted:

N = 3.5 × 1020 cm−3

Wt = 0.18 eV

Wopt = 0.36 eV

m* = 53 me

	
Constant:

S = 0.005 cm2 *

d = 33 nm

Fitted:

I0 = 2 × 103 A

W = 0.11 eV

V0 = 0.5 eV

a = 0.6 nm

	
Constant:

ε = 6

d = 33 nm

m* = 0.5 me

μ = 1 cm2/(V×s)

Fitted:

Ea = 0.11 eV

Nd = 5.5 × 1019 cm−3

Wt = 0.01 eV

Nt = 4.6 × 1017 cm−3

r = 410 nm




	
HRS

	
Constant:

S = 0.005 cm2

d = 33 nm

Fitted:

N = 1.0 × 103 cm−3

Wt = 0.15 eV

Wopt = 0.3 eV

Wph = 60 meV

m* = 1.1 me

	
Constant:

S = 0.005 cm2

d = 33 nm

Fitted:

N = 3.5 × 1020 cm−3

Wt = 0.35 eV

Wopt = 0.7 eV

m* = 47 me

	
Constant:

S = 0.005 cm2

d = 33 nm

Fitted:

I0 = 0.15 A

W = 0.24 eV

V0 = 0.5 eV

a = 1.4 nm

	
Constant:

S = 0.005 cm2

d = 33 nm

ε = 6

m* = 0.5 me

Fitted:

Ea = 0.19 eV

Nd = 4.6 × 1017 cm−3

Wt = 0.35 eV

Nt = 1.7 × 1019 cm−3

l = 1.3




	
μ = 9.6 × 10−11 cm2/(V×s)








* Area is a fitted parameter in the LRS, but the modeling had been stopped due to other parameters before the area parameter could be determined.
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Figure 1. Schematic diagram of contact-limited models: (a) Schottky effect, (b) thermally assisted tunneling model. 
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Figure 2. Schematic diagram of bulk-limited models: (a) Frenkel effect, (b) Hill–Adachi model of overlapping Coulomb potentials, (c) Makram–Ebeid and Lannoo multiphonon isolated trap ionization model, (d) Nasyrov–Gritsenko phonon-assisted tunneling via neighboring traps model. 






Figure 2. Schematic diagram of bulk-limited models: (a) Frenkel effect, (b) Hill–Adachi model of overlapping Coulomb potentials, (c) Makram–Ebeid and Lannoo multiphonon isolated trap ionization model, (d) Nasyrov–Gritsenko phonon-assisted tunneling via neighboring traps model.



[image: Electronics 12 00598 g002]







[image: Electronics 12 00598 g003 550] 





Figure 3. IV characteristics of the PECVD SiO0.9N0.6-based memristor. 
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Figure 4. The IV characteristics of the PECVD SiO0.9N0.6-based memristor and simulation results by the contact-limited models: (a) Schottky effect in LRS; (b) the TAT model in LRS; (c) the Schottky effect in HRS; and (d) the TAT model in HRS. 
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Figure 5. IV characteristics of the PECVD SiO0.9N0.6-based memristor and the results of simulation by the bulk-limited models in the HRS: (a) Frenkel effect; (b) Hill–Adachi model of overlapping Coulomb potentials; (c) Makram–Ebeid and Lannoo model of multiphonon isolated trap ionization; (d) Nasyrov–Gritsenko model of phonon-assisted tunneling between traps; (e) Shklovskii–Efros percolation model; and (f) SCLC model. 
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Figure 6. IV characteristics of the PECVD SiO0.9N0.6-based memristor, and the results of simulation by the bulk-limited models in HRS: (a) Frenkel effect; (b) Hill–Adachi model of overlapping Coulomb potentials; (c) Makram–Ebeid and Lannoo multiphonon isolated trap ionization model; (d) Nasyrov–Gritsenko model of phonon-assisted tunneling between traps, (e) Shklovskii–Efros percolation model; and (f) the SCLC model. 
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