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Abstract

:

A signature of synaptic potentiation conductance has been observed in an α-Fe2O3/p-Si device fabricated using spin coating. The conductance of the device in dark conditions and illumination with a white light source was characterized as a function of the application of a periodic bias (voltage) with a triangular profile. The conductance of the device increases with the number of voltage cycles applied and plateaus to its maximum value of 0.70 μS under dark conditions and 12.00 μS under illumination, and this mimics the analog synaptic weight change with the action potential of a neuron. In the range of applied voltage from 0 V to 0.7 V, the conduction mechanism corresponds to trap-assisted tunneling (TAT) and in the range of 0.7–5 V it corresponds to the Poole–Frenkel emission (PFE). The conductance as a function of electrical pulses was fitted with a Hill function, which is a measure of cooperation in biological systems. In this case, it allows one to determine the turn-on threshold (K) of the device in terms of the number of voltage pulses, which are found to be 3 and 166 under dark and illumination conditions, respectively. The gradual conductance change and activation after a certain number of pulses perfectly mimics the synaptic potentiation of neurons. In addition, the threshold parameter extracted from the Hill equation fit, acting as the number of pulses for synaptic activation, is found to have programmability with the intensity of the light illumination.
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1. Introduction


With the proposal of the memristor as the fourth fundamental electrical element [1,2], resistive switching materials—one possible material with which to construct memristors—have been utilized in the construction of artificial electrical synapses that emulate those of the human brain [3,4,5,6]. An adult human brain contains an estimated 1011 neurons and makes nearly 1015 connections through synapses [7,8]; where a synapse connects two neurons, and depending on the characteristics of the electrical stimulus, the weight of the synapse (conductance) either strengthens (potentiation) or weakens (depression) the connectivity between neurons. The conductance of synaptic switches is an analog process that depends on the strength and polarity of the applied stimulus. Generally, repetitive and identical pulses of stimuli (current or voltage) are applied to the synaptic device in order to modulate its weight [9,10]. This is similar to the theoretically predicted behavior of memristors and why they are believed to be a fundamental component of artificial synapses. Ultimately, the suitability of the memristor depends upon the properties of the materials used in their construction.



One of the primary requirements of the material used to construct a memristor for use as an artificial synapse switch is that it exhibits at least two resistance states. The mechanism whereby it changes its resistive state varies from material to material, some examples are valence change [11], electrochemical metallization [12], ferroelectric switching [13], phase change [14], etc. The types of materials used in constructing synaptic devices range from 2D materials [15] to conventional metal/ metal oxide systems such as an Al:HfO2-based memristor that has been shown to have good synaptic potentiation and depression behavior [16] or TiO2-based synaptic devices that have excellent analog memory switching with spike-timing-dependent synaptic plasticity [17]. Other notable material systems are GdOx/Cu:MoOx [18], WOx [19], HfOx/AlOx [20], and AlOx [21]; all of them have been reported to have synaptic potentiation and depression characteristics. The message being that there is almost an infinite combination of materials that can be used in the construction of memristive devices suitable for use as artificial synapses.



Many synaptic devices comprise either low abundance materials or require complex fabrication and post processing methods. As alternative materials, Fe and Fe2O3 are among the most abundant materials on earth and non-toxic [22]. In addition, the band gap of Fe2O3 is centered in the visible range (~2.1 eV) of the light spectrum [23]; therefore, it is suitable for visible light-based applications. Furthermore, it is a low-cost material with fast carrier transport and stability under ambient environment conditions [24]. Consequently, Fe2O3 has been used in various applications including photoelectrochemical water splitting [25], gas sensing [26], lithium-ion batteries [27] (p. 3), etc.



Due to the aforementioned properties of Fe2O3, as well as the fact that oxygen vacancies in metal oxide semiconductors play a vital role in resistive switching behavior [28], we have used it to construct a heterojunction memristor with p-type Si (100). We report on its memristive properties under dark and illuminated conditions and its suitability for use in a synaptic switch. We also examine the oxygen vacancy migration under an applied bias, which is vital to the resistive switching behavior of Fe2O3 [29]. Lastly, we demonstrate that the resistive switching behavior of Fe2O3/Si (100) in the presence of white light widens the switching window, thus producing a unipolar resistive switch that does not require a pulse of opposite polarity to reset.




2. Experimental Details


2.1. Device Fabrication and Characterization


The α-Fe2O3/p-Si samples were prepared using an organic iron solution consisting of 0.5 g of Fe (III) Acetylacetonate (Strem Chemicals, Newburyport, MA, USA, CAS#: 14024-18-1) in 10 mL (50 g/L) of acetone (141 mM). The solution was sonicated for an hour, followed by vortex stirring and filtering. Approximately 10 µL of the solution was spin-coated onto p-Si (100) substrates at 3000 rpm. The solvent was allowed to evaporate, followed by annealing at 500 °C for 1 h in air inside a tube furnace and then allowed to slowly cool to room temperature to avoid cracking of the α-Fe2O3 film. Details and data on the characterization of the α-Fe2O3 film can be found in the Figures S1–S3 from Supplementary Material. Circular gold electrical contacts with an approximate area of 0.071 cm2 were sputtered onto the sample using a shadow mask. The sputter chamber was held at a pressure of 10 mTorr of Ar and deposition was carried out with a plasma power of 25 W. The samples were then annealed at 300 °C in the air for 45 min to form good electrical contact between the Au electrodes and sample.




2.2. Electrical Measurements


Electrical characterization was performed on multiple samples to ensure reproducibility. The electrical measurements were conducted in a dark box equipped with a white light LED for illumination. Current–voltage sweeps (IV curves) were acquired with a triangular voltage waveform and a voltage sweep rate of 0.1 V/s using a Keithley 2425 source meter. A four-wire sense mode was used to acquire pulse–conductance measurements, where the Keithley 2425 source meter was programmed to apply a 5 V pulse with a duration of 10 ms and a period of 100 ms across the outer electrodes, while current was simultaneously measured across the two inner electrodes. A custom Labview program was used to control the source meter and data acquisition.





3. Results and Discussion


Displayed in Figure 1a is a single IV cycle using a triangular waveform of 5 V under dark conditions and illuminated with white light. The IV characteristics of the device are symmetric in forward and reverse bias (only the forward bias region is shown here). The device exhibits a hysteresis loop with unipolar resistive switching, where the area of the loop increases when illuminated with white light with a power density of 268 µW/cm2. The ratio of high resistance state (HRS) to low resistance state (LRS) at 2.5 V bias increased from 1.37 under dark conditions to 1.58 with illumination. Figure 1b,c are the cyclical forward bias voltage and current of the device under dark and illuminated conditions, respectively, where the current progressively increases with each cycle under dark conditions, which is indicative of charge retention [30]. Under illumination, the current initially increases with repeated cycles and then begins to decrease linearly thereafter, which suggests charge trapping that leads to the recombination of electron-hole pairs [31]. Illumination also broadens the current response relative to dark conditions, indicative of greater synaptic habituation [32]. Figure 1d is the conductance as a function of the number of cycles at a bias of 5 V under dark and illuminated conditions. Under dark conditions, the conductance increases linearly until it saturates at 0.11 μS. Under illumination, conductance increases and then decreases nonlinearly for approximately 25 cycles, at which point it decreases linearly. Again, this is an indication of charge trapping leading to electron-hole recombination.



The switching behavior in Figure 1 can be understood in the context of valence change resistive switching (VCRS) devices [33]. The conduction in a metal–insulator–metal (MIM) VCRS device is a function of the bulk properties of the dielectric (bulk limited) and the electrode–dielectric interfaces (electrode limited). In the dielectric, Poole–Frenkel emission (PFE), hopping conduction, ohmic conduction, space charge limited conduction, ionic conduction and trap-assisted tunneling (TAT) are conduction limiting mechanisms [34], while Schottky emission, direct tunneling (DT), Fowler–Nordheim tunneling, and thermionic-field emission are conduction limiting mechanisms of the electrode-dielectric interfaces. TAT, PFE, and DT conduction mechanisms are schematically represented in Figure 2. We will show that the predominant transport mechanisms in the α-Fe2O3/p-Si device are TAT and PFE.



The trap-assisted tunneling mechanism, unlike DT, is a two-step process in which the carriers are initially trapped by defects or oxygen vacancies and then tunnel through the barrier to another trap and tunnel, etc., where multiple TAT events enable the carrier to cross the insulator, i.e., the carriers tunnel from one trap to another, where each tunneling event is over a fraction of the width of the metal oxide [35]. The generalized equation for TAT current density   (  J  TAT   )   is a function of the applied electric field    E    and is given by Equation (1),


   J  TAT   =  A   exp      − 8 π   2   qm  *      3 hE    ϕ T  3 / 2      



(1)




where  A  is a constant and    ϕ T    is the energy of the trap with respect to the conduction band edge of the metal oxide, q is the charge of an electron, m* is the electron effective mass in the oxide, h is Planck’s constant and E is the electric field in the metal [36]. For TAT conduction at a constant temperature, the IV curve can be fit with Equation (2),


  y  x  =  y 0   e    − α  x     



(2)




a more generalized form of Equation (1), where y and x are current and voltage, respectively.



For conduction by Poole–Frenkel emission, trapped carriers are excited into the conduction band of the metal oxide due to the lowering of the Coulomb barrier by the application of a sufficiently strong electric field. The current density by PFE   (  J  PF   )   is given by Equation (3),


   J  PF   =    q μ N   c   E   exp      − q    ϕ T  −   qE /  π ε        kT      



(3)




where    N c    is the density of states in the conduction band,  E  is the applied electric field,  μ  is electronic drift mobility,    ϕ T    is the depth of the potential of the traps and  T  is the absolute temperature, k is Boltzmann’s constant and q is the charge of an electron [34]. For PFE at a constant temperature, the IV curve can be fit with Equation (4),


  y  x  =  y 0    xe   α  x     



(4)




a more general form of Equation (3), where once again y and x are current and voltage, respectively.



Figure 3a is the IV curve of the α-Fe2O3/p-Si device for a single cycle with illumination, which can be divided into two regions where either TAT or PFE dominates the conduction. The fit of Equation (2) (TAT) of the IV curve in the voltage range of 0–0.7 V for both ascending and descending bias is displayed in Figure 3b. The fits with Equation (2) up to 0.6 V are excellent for the ascending and descending bias but diverge slightly thereafter, which is attributed to the transition to or from PFE transport, respectively, i.e., 0.6–0.7 V is a region of mixed TAT and PFE carrier conduction. The fit of Equation (4) (PFE) of the IV curve in the voltage range of 0.7–5.0 V for ascending and descending bias is displayed in Figure 3c and is an excellent fit with the experimental data. Based on the qualities of the fits, the conclusion is that trap-assisted tunneling is the primary conduction mechanism below 0.7 V and Poole–Frenkel conduction above 0.7 V, regardless of whether in ascent or descent. The same fits and arguments are true for the IV curve under no illumination, which is not shown here for the sake of brevity.



Now that the transport properties of a single cycle of the α-Fe2O3/p-Si device is satisfactorily explained, we turn our attention to the cycle dependence of the device. The hysteresis of the IV curves of the device under dark conditions or illuminated suggests that the device has memristive characteristics [37,38] and, therefore, is useful in the construction of artificial synaptic circuits [39,40,41,42]. As a consequence, we use the Hill equation (Equation 5) [43],


  y =  y  max      x n     K n  +  x n     



(5)




which is a three-parameter nonlinear equation, where  K  indicates the threshold of the independent variable    x    at which the dependent variable      y    reaches half of its maximum     (  y  max   )   and    n   is called the Hill coefficient or cooperativity which indicates the steepness of the curve. This equation is commonly used to describe the drug dose, drug concentration and effect over time in pharmacology [44,45,46]. It is also used in modeling the binding of ligands to a protein molecule, where the Hill coefficient    n    becomes significant. If   n > 1  , the binding of one ligand increases the affinity of binding for further ligands and is called positive cooperation or cooperative binding, and if   n < 1  , the binding of one ligand decreases the affinity of binding for further ligands, which is called negative cooperation or non-cooperative binding [47]. In the present case, we hypothesize that each pulse excites trapped carriers into the conduction band of the Fe2O3, which inhibits further excitation of the carriers due to the fermionic nature of the carriers and provided they are not excitons [48]. The inhibition of further excitation is modeled as a negative cooperative excitation and fitted to the data by fixing the Hill coefficient to n = 0.40 (negative cooperation) for the best fits.



The cooperativity constant    n    was held at 0.40 for the analysis. The fit of the Hill equation of the conductance as a function of the number of pulses for the dark and illuminated conditions is plotted in Figure 4a,b, respectively, with statistics and extracted parameters listed in Table 1. The threshold    K    is found to be ~3 pulses in dark and ~166 pulses when illuminated with white light with an intensity of 1.27 mW/cm2. The threshold can be thought of as the synaptic activation of the device, i.e., the device activates after 3 and 166 pulses of voltage under dark and illuminated conditions, respectively. The maximum conductance, where the conductance begins to plateau, is determined by fitting with the Hill equation. Figure 4c is the maximum of the conductance extracted from the Hill equation fit as a function of incident light intensity, which demonstrates that the maximum conductance increases with increasing intensity of light, reaching a maximum at approximately 1.3 mW/cm2, followed by a decrease to a constant value of approximately 15 μS. Charge trapping and de-trapping are believed to be the mechanisms responsible for conductance switching, where light enhances the phenomena [49]. The presence of different types of trap states (deep and shallow) can have competitive effects on the rate of the number of carries trapping/de-trapping and, hence, conductance saturation, since shallow and deep traps are faster and slower to trap and de-trap the carries, respectively [50,51]. The light intensity not only dictates the number of photo-generated carries but also helps in de-trapping the carries along with phonon and tunneling-assisted de-trapping mechanisms [52]. A 5V pulse, which is in the PFE region, excites the carriers from the trap into the conduction band of the oxide, thereby increasing the conductance with each pulse, but it is limited by the finite density of the trap states and trapped carriers. The hypothesis is that the maximum conductance increases with increasing intensity of light as long as the available and accessible trap states are available to be filled, after that the conductance is no longer intensity dependent and increasing the intensity further only increases the probability of carrier recombination, thereby decreasing the conductance from the maximum and eventually plateauing. The rationale for using the Hill equation to derive the data in Figure 4c is that it better incorporates the competing mechanisms that affect the trapping/de-trapping and excitation/recombination of the carriers. The number of voltage pulses as a function of illumination intensity is plotted in Figure 4d, which shows that the activation of the device is programmable and controlled by the intensity of illumination. As the intensity of light incident on the device increases, the number of pulses of synaptic activation increases, reaches a maximum at 1.3 mW/m2 —the corresponding maximum of the maximum conductance in Figure 4c—and subsequently declines with increasing light intensity. The rise and fall of the number of pulses as a function of light intensity is nonlinear, which is expected because the conductance window is the widest at the maximum of the maximum conductance.



The programmability of the synaptic activation of this device using light intensity, along with the synaptic potentiation with the number of electrical pulses through the device, suggests that this device can be used in artificial synaptic electronics. Although various attributes (pulse period, width, and amplitude dependence) of the synaptic potentiation shown by the device have yet to be investigated, this work serves as a starting point for using the synaptic behavior of an α-Fe2O3/p-Si device in future synaptic electronics.




4. Conclusions


We successfully fabricated a device with promising synaptic electrical character using α-Fe2O3 microcrystalline films on p-type Si (100). Using trap-assisted tunneling and Poole–Frenkel emission models fit to the experimental data, we have demonstrated that the device has two different conduction mechanisms when operated in low (0–0.7 V) and high (0.7–5 V) voltage ranges. Specifically, between the 0–0.7 V range, the dominant conduction mechanism is trap-assisted tunneling and, as the voltage surpasses 0.7 V, carriers trapped in defect sites are excited into the conduction band of α-Fe2O3, at which point the Poole–Frenkel emission conduction mechanism dominates the carrier transport. Based on an analogy of protein-ligand binding, the Hill function has been used to demonstrate that the voltage pulse induced activation of the device under dark conditions is three pulses, while with illumination with a white light of intensity 1.27 mW/cm2 it is 166 pulses. The synaptic potentiation of the device is very interesting and worthy of further investigation. Future studies will examine the temporal variations of the activation with ultra-fast electrical pulses.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/sci5010003/s1, Figure S1: SEM micrographs for sample prepared using (a) 28 mM and (b) 141 mM solutions shows variation of the bulk size; Figure S2: (a) EDX mapping of elements and (b) EDX spectra for sample prepared using 28 mM. (c) EDX mapping of elements and (d) EDX spectra for samples prepared using 141 mM solutions. Higher intensity of Fe peak in (d) shows the increased bulk size in the samples; Figure S3: Raman Spectroscopy of the samples prepared using the 28 mM and 141 mM solutions. Peaks that are the signatures of α-Fe2O3 and Si were observed [53,54,55,56,57].
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Figure 1. (a) IV graph in dark and under white light illumination of a single cycle (HRS/LRS = 1.37 for dark and 1.58 for illumination at 2.5 V bias). Selected cycles of 50 applied voltage and measured current cycles as a function of time in (b) dark and (c) with white light illumination. (d) Conductance as a function of number of cycles at 5 V bias in dark and white light illumination. 
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Figure 2. Schematic diagram showing the mechanisms of charge transport in a metal–insulator–metal structure via Poole–Frenkel emission, trap-assisted tunneling, and direct tunneling. 
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Figure 3. (a) One IV cycle of the α-Fe2O3/p-Si device with white light illumination. (b) The fitting of the curve in (a) the range of 0–0.7 V with trap-assisted tunneling conduction and (c) in the range of 0.7–5 V with Poole–Frenkel emission conduction. The goodness of the fits (R2) is 99%. 
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Figure 4. The conductance as a function of number of pulses for α-Fe2O3/p-Si device when measured (a) under dark conditions, (b) white light illumination with an intensity of 1.27 mW/cm2, (c) maximum conductance based on the fit with the Hill equation as a function of light intensity, and (d) the number of activation pulses for the conductance to plateau as a function of light intensity, also based on the fit with the Hill equation. The Hill coefficient was held at 0.40 for the fits used to obtain the data in (c,d). The triangular electrical pulses with an amplitude of 5 V, a width of 10 ms, and a period of 100 ms were used for all the measurements. 
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Table 1. The fitting parameters of the Hill equation used to fit the conductance as a function of the number of pulses under dark conditions and with white light illumination of 1.27 mW/cm2, as well as the corresponding statistics of the fits.
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	Parameters
	Dark
	Illumination





	Reduced    χ 2   (S)
	   5.73 ×   10   − 17     
	   8.25 ×   10   − 15     



	Adjusted    R 2   
	   0.97   
	   0.99   



	   y  max    (S)
	   7.82 ×   10   − 7   ± 8.01 ×   10   − 10     
	   1.75 ×   10   − 5   ± 2.90 ×   10   − 8     



	  K  
	   2.88 ± 0.05   
	   165.56 ± 1.70   



	  n  
	   0.40 ± 0.00   
	   0.40 ± 0.00   
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