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Abstract
[bookmark: OLE_LINK1]A resistive random-access memory based on an Al/SnOx/Pt structure is demonstrated. The SnOx thin films were prepared by DC sputtering at room temperature and different post-deposition thermal treatments carried out. We observe a significant improvement of bipolar resistive switching characteristics after annealing at 300 oC in nitrogen. The obtained memory devices show good stability with a relatively long retention time, exceeding 105 s. The resistance ratio remains above 55 within the duration of 100 endurance cycles. An interface modified space-charge-limited-current model is proposed as a possible switching mechanism. The achieved characteristics of the resistive switching in SnOx films seem to be a promising candidate for nonvolatile memory applications. 
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1. Introduction
[bookmark: _GoBack]The development of resistance random-access memory (RRAM) has progressed rapidly in the past few years due to its simple structure, fast switching speed, low power consumption and compatibility with the fast-developing metal-oxide-semiconductor technologies [1-4]. Various metal oxides such as ZnO [5-7],  GaOx [8], IGZO [9], NiO [10], TiO2 [2, 11, 12], CuO [13], ZrO2 [14], and HfO2 [15] have been reported for the RRAM application. Such resistance switching behavior was also observed in a compound semiconductor nano-structure due to the trapping and detrapping of electrons at surface states [16]. The current-voltage (I-V) characteristics of RRAM devices show two distinctive states: low-resistance state (LRS) and high-resistance state (HRS). The switching event from HRS to LRS is called the “set” process, and that from LRS to HRS state is called the “reset” process. For most RRAM devices, a voltage larger than those for set and reset is required in order to activate the resistive switching operation, which is known as the “forming process” [13]. However, some devices do not require a forming process [6-8, 17]. In general, resistance switching can be classified as unipolar or bipolar, according to its dependence on the polarity of the operating voltage [12]. For a unipolar switching device, the switching direction only depends on the amplitude of the applied voltage. Hence, set and reset processes occur at the same voltage polarity. In most cases, unipolar switching can be explained using the so-called filament model and the reset process typically involves Joule heating inside the device [5, 9, 10]. For a bipolar switching device, the switching direction typically depends on the polarity of the applied voltage. Hence, set and reset processes occur at opposite voltage polarities and the electric field plays an important role. The space-charge-limited-current (SCLC) mechanism is the most well-known to explain bipolar switching [14, 18-21]. 
Tin oxides (SnOx) are wide bandgap metal-oxide semiconductors and are present in two well-known forms namely tin monoxide (SnO) and tin dioxide (SnO2). Thin films of SnO2 typically have a band gap of 3.6 eV and are already used in applications such as transparent conductors, gas sensors and solar cells [22-23]. As-grown SnO2 thin films generally exhibit n-type conductivity, the origin of which has been discussed in terms of intrinsic defects, such as oxygen vacancies and tin interstitials. However, the attribution of conductivity to intrinsic defects is not supported by first-principle calculations [24].  In contrast to SnO2, SnO thin films have a band gap of 2.7-3.4 eV and are currently one of the very limited number of p-type metal-oxide semiconductors [25-29]. The origin of p-type conductivity in SnO has been mainly attributed to Sn vacancies and O interstitials, where tin is in the Sn2+ oxidation state [26]. SnO was believed to be metastable at ambient conditions. It can decompose into Sn and SnO2 at temperatures above 300 oC even in the absence of oxygen [30]. 
Given that SnOx thin films have been demonstrated for both n-type and p-type thin-film transistors and basic CMOS circuits, it is important to develop SnOx thin film based memory devices since they are basic building blocks in complex circuitry for potential applications. So far, a number of studies have been published on the realization of SnOx thin film based unipolar [31, 32] or bipolar [33, 35]  RRAM. It has been established that annealing can greatly degrade [34] or enhance [35] the memory performance. However, the studies into the annealing effects are so far quite limited and, to the best of our knowledge, annealing in only one gas atomosphere has been reported to date. In this paper, the effects of annealing in air and nitrogen atmospheres are investigated for direct current (DC) sputtered SnOx thin film based RRAM devices. Furthermore, a possible switching mechanism for our devices is discussed. 

2. Experiments
  The RRAM devices with an Al/SnOx/Pt structure were fabricated as shown in Fig. 1(a). SnOx thin films of 50 nm thickness were deposited on a Pt/Glass substrate at room temperature by DC sputtering with an Ar pressure of 10-3 mbar using a SnO target (99.9% purity, PI-KEM Ltd.). Aluminum top electrodes with a diameter of 200 µm were deposited by thermal evaporation through a shadow mask. Devices without undergoing annealing or those annealed in air did not show good resistive switching behavior. The best device performance was achieved after the devices were annealed in nitrogen with an optimum annealing temperature identified as 300 oC. The annealing was carried out using a Linkam annealer with a PR 600 temperature control unit which has 1 oC temperature accuracy and stability. Only results from devices annealed in nitrogen at 300 oC are shown in this paper. The devices were characterized using a semiconductor parameter analyzer (E5270B, Agilent Technologies) at room temperature.  During the I-V measurements, the top electrode was biased positively and the bottom electrode was grounded. To correlate the device performance and SnOx film compositions, x-ray photoelectron spectra (XPS) were taken on SnOx films under different thermal annealing conditions, using an ultra-high vacuum spectrometer consisting of a twin anode x-ray source and a PSP Vacuum Technology 5-channel electron energy analyzer. The crystal structure of the SnOx film annealed in nitrogen was analyzed by x-ray diffraction (XRD). Furthermore, the band gap of the SnOx films under different thermal annealing conditions were estimated from variable angle spectroscopic ellipsometry (VASE) data measured using a J. A. Woollam M2000 ellipsometer at the three angles of incidence 65 o, 70 o and 75 o in the energy range 0.7 to 5.2 eV (referring to a wavelength range λ = 241.1 to 1686.7 nm).

[image: ]
Fig. 1 (a) Schematic diagram of the SnOx RRAM device structure. (b) Typical I-V characteristics of the nitrogen annealed SnOx RRAM device for 100 sweep cycles. The arrows indicate the sweep direction. 

3. Results and discussion
Figure 1(b) shows typical I-V characteristics of a SnOx-based RRAM that demonstrates bipolar resistive switching up to 100 cycles. The DC voltage was applied to the top aluminum electrode in a sequence:
0 V→ 5 V→ 0 V→ -5 V→ 0 V. Compliance currents were fixed at 1 mA in both the positive and negative voltage regions to prevent permanent breakdown of the device. We found that a forming process was not required for our SnOx RRAM. The set process was observed in the positive voltage region and the reset process was observed in the negative voltage region. 
Figure 2 compares the Sn 3d5/2 XPS spectra from the as-grown sample (a), the sample annealed in air at 300 oC (b) and the sample annealed in nitrogen at 300 oC (c). It is worth observing in Fig. 2, that the centroid peak shift towards higher binding energies for air annealed samples. The Sn 3d5/2 line-shapes in Fig. 2 were deconvoluted using Voigt functions into three components ascribed to Sn2+ at 486.0 eV, Sn4+ at 486.7 eV and Sno at 484.1 eV. Figure 3 shows the corresponding O 1s spectra for the as-grown sample (a), the sample annealed in air at 300 oC (b) and the sample annealed in nitrogen at 300 oC (c). The binding energy assignment of the three species is in agreement with previous results [36]. 
[image: ]
Fig. 2 XPS spectra of the Sn 3d5/2 for (a) the as-grown sample, (b) the sample annealed in air at 300 oC for 1 hour and (c) the sample annealed in nitrogen at 300 oC for 1 hour.
[image: ]
Fig. 3 XPS spectra of the O 1s for (a) the as-grown sample, (b) the sample annealed in air at 300 oC for 1 hour and (c) the sample annealed in nitrogen at 300 oC for 1 hour.

Figure 3 shows that the O 1s core-level XPS spectra can also be deconvoluted into three components, namely O-Sn2+ at 530.0 eV, O-Sn4+ at 530.7 eV and chemisorbed oxygen at 532.1 eV. The XPS data in Figs. 2 and 3 both indicate that there are two types of SnOx in the samples. The as-grown sample, without any treatment, shows a composition of 45% Sn2+, 51% Sn4+ and 4% Sn0.  Annealing in air drastically increases the amount of Sn4+ in the sample to 88%, with small amounts of Sn2+ (9%) and Sn0 (3%) also present. Annealing in air also increases the O 1s component at about 532.5 eV, ascribed to chemisorbed oxygen or -OH species in the sample. In contrast, the nitrogen annealed sample has a comparable ratio of Sn2+ and Sn4+ with the as–grown sample (48 % Sn2+, 48% Sn4+ and 4% Sn0). 
Figure 4 shows the XRD spectrum of SnOx thin film deposited on a glass substrate and then annealed in nitrogen at 300 oC. The XRD pattern did not display any characteristic peaks, indicating that the film is amorphous. Yabuta et al. reported that annealing tin-oxide thin films in nitrogen could improve the crystalline quality of the films but the resulting crystalline phase is very sensitive to sputtering and annealing conditions [28]. In their experiment, amorphous SnO films were deposited by radio-frequency (RF) sputtering with a SnO target. Lower sputtering powers were found to induce more defects in the tin-oxide films, which were not crystallized even by annealing in nitrogen at 300 oC. Our DC sputtered SnOx films may be similar to their low-power RF sputtered films. It may be possible that the nitrogen annealing process helped to improve the lattice structure but in the meantime still allowed a sufficient number of defects such as the oxygen vacancies in SnOx film to enable the memory switching effect. We observed that our SnOx RRAM did not require a forming process, which may also be attributed to the nature of the defects in the oxide layer [6].
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Fig. 4  XRD spectrum of a SnOx thin film deposited on a glass substrate after annealing at 300 oC for 1 hour in nitrogen.

Figures 5(a) and (b) show the extinction coefficient (k) and absorption coefficient (α) against photon energy (E) respectively for the SnOx samples. The band gap values estimated from the k and α methods are shown in Table 1, where α is calculated from k as α=4πk/λ.  The Tauc plot method was used to determine whether the SnOx films have direct or indirect band gap [37, 38]. The indirect band gap approximation of the Tauc plot, (E)0.5 vs E, is shown in Fig. 5(c) for the SnOx samples and it can be seen that the extracted band gap values are smaller than those extracted from the k and α method shown in Table 1. The band gap values determined from the Tauc plot tend to give smaller band gap values [39] due to the use of the square root of the extinction coefficient, which decreases the concave up nature of the curve as shown in Fig. 5(c). The direct band gap approximation of the Tauc plot, (E)2 vs E, was also used to determine the band gap of the SnOx samples, however it yielded anomalously high values much larger than those extracted from the k and α methods shown in Fig. 5(a)-(b) and Table 1. Thus, we infer the indirect band gap nature of SnOx. Furthermore, it is evident that there is a slight increase in band gap after annealing either in air (~ 0.08 eV) or nitrogen (~ 0.05 eV).  The sub-band gap absorption peaks could relate to the presence of defect states within the SnOx films. There is a considerable change of the absorption region at ~2.6 eV after annealing in either air or nitrogen as shown in Fig. 5; nitrogen annealing induces lowering of sub-band gap absorption and suggests a reduction of defects, where air annealing appears to enhance absorption and likely increase presence of defect states. It is suggested that a reduction of defects in the nitrogen annealed samples constitutes optimization of the device performance. 
[image: ]
Fig. 5 Band gap extraction of the SnOx films from (a) extinction coefficient, (b) absorption coefficient and (c) indirect band gap approximation of Tauc plot. 

TABLE 1: Band gap values (eV) determined from different methods for the SnOx films using VASE

	
Sample
	
k method

	
α method

	
Tauc plot
indirect band gap approximation


	As grown

	2.87
	2.88
	2.74

	300 oC air annealed

	2.94
	2.96
	2.82

	300 oC nitrogen annealed

	2.91
	2.91
	2.79




We now consider the conduction mechanisms in the RRAM device. The I-V curves in the positive and negative voltage regions are re-plotted on log-log scales, as shown in Figs. 6(a) and (b), respectively. The arrows indicate the bias sweep direction. For the positive bias voltage, the I-V curve shows a linear behavior with a slope of 1 in the low voltage region of the HRS, followed by a slope of 2.5, and finally a sharp current rise at a threshold voltage VT   2.5 V with a steep slope of 7. This behavior can be explained by the trap-controlled SCLC mechanism [40]. According to the SCLC model, the threshold voltage corresponds to the transition voltage from trap-unfilled SCLC region to the trap-filled SCLC region. In the voltage-decreasing scan, the I-V slope becomes 2 again, suggesting that the dominant conduction mechanism of LRS may be explained by the SCLC model with no traps (or deactivated traps after having been filled with electrons). In the low voltage region of LRS, the I-V curve recovers to a linear behavior, showing that ohmic conduction is dominant. In the negative voltage region, as shown in Fig. 6(b), the ohmic conduction was initially observed, followed by trap filled SCLC with a slope of 2, and then a sharp decrease in current near a threshold voltage -2.9 V, which implies a transition from the trap-filled SCLC to the trap-unfilled SCLC.  
[image: ]
Fig. 6 The I-V characteristics of the nitrogen annealed SnOx RRAM device in (a) positive voltage region and (b) negative voltage region in double-logarithmic scale.
When the I-V characteristics are dominated by an exponential distribution of traps, the trap-controlled SCLC can be expressed by 

,						(1)



where J is the current density, is the permittivity of free space, is the static dielectric constant, is the electron mobility, V is the applied voltage, d is the film thickness, NC is the effective density of states in the conductive band, Nt is the number of emptied electron traps, Ec is the energy of the conduction band edge, Et is the energy of the traps, kB is Boltzmann’s constant, and T is the absolute temperature. If the majority of electron traps are occupied, the SCLC with no traps can be expressed as

.					  			 (2)

The observed resistive switching phenomenon of our device may be explained with this theory. Within both the positive and negative voltage regions, ohmic conduction is dominant in the LRS, suggesting that the injected carrier density is less than thermally generated carrier density. In the positive region, when the applied voltage exceeds 0.2 V, electrons are injected from the bottom electrode and the I-V slope changes from 1 to 2. At this stage, shallow traps are expected to be gradually filled and the I-V characteristics become dominated by traps up to 2.5 V. As such, the SCLC follows Eq. (2). As the applied voltage is further increased, the current voltage shows an abrupt increase, suggesting that the injected electron current begins to be dominated by different trap states [19, 21]. In the voltage-decreasing scan, the I-V slope becomes 2 again, indicating that the dominant conduction mechanism of LRS may be described by the SCLC model with no traps according to
 Eq. (1).  In the negative voltage region, electrons are expected to be discharged from the occupied traps. Figure 6(b) suggests that trap carriers are released at – 2.9 V with the carrier-transport mode changing from trap-filled SCLC to the trap-unfilled SCLC. 
Recently, it has been demonstrated that a combination of the bulk effect such as SCLC conduction and interface modification that occurs between the reactive metal electrode and metal oxide material plays a role in the resistive switching [33, 34].  It is believed that the interface modification also plays an important role in our SnOx memory devices. To explore this possibility, different top electrode metals such as Ag and Pt were tested on SnOx RRAM, but none of them showed good resistive switching operation after annealing in nitrogen. This indicates that Al top electrode has a strong influence on the resistive switching for the SnOx RRAM devices. The SnOx thin films used in our RRAM devices are a mixture of SnO and SnO2, where the standard Gibbs free energy (ΔG) for formation of Al2O3 (ΔG ~ -1582.3 KJ/mol) [41] is far lower than that of and SnO (ΔG ~ -251.9 KJ/mol) [41] and SnO2 (ΔG ~ -568.9 KJ/mol) [42]. Moreover, the Al3+/Al reduction potential (-1.66 V) is much lower than that of Sn4+/Sn2+ (0.15 V) and Sn2+/Sn0 (-0.14 V) pairs. Therefore, the zero-valent Al can be oxidized by SnOx films, resulting in the formation of an Al2O3 interfacial layer and that leads to the presence of oxygen vacancies near the Al/SnOx interface. Hence, by applying a positive voltage at the Al top electrode, oxygen ions can migrate towards the top electrode more effectively, leaving oxygen vacancies in the SnOx film to form the highly conductive filament paths from the bottom to the top electrode, which results in LRS. When a negative voltage is applied to Al top electrode, the oxygen vacancies would be filled by oxygen ions, which results in HRS. Thus, we suggest that the Al/SnOx interface is modified and the migration of oxygen ions plays an important role in the formation of the filamentary path. In addition, we found that replacement of Al by Ag and Pt always results in poor resistive switching behavior. This is presumably due to the difficulty of forming the interfacial layer, since both Ag and Pt have a higher ΔG of oxide formation than SnOx, where ΔG ~ -11.20 KJ/mol for Ag2O [41], ΔG ~ 167.8 KJ/mol for PtO2 [41]. Forming an interfacial layer by oxidizing Ag and Pt with Sn4+ or Sn2+ is also difficult when annealing in nitrogen at 300 oC, because the reduction potentials of Ag+/Ag (0.8 V) and Pt2+/Pt (1.2 V) are much higher than that of Sn4+/Sn2+ pair.
To evaluate the reliability of the memory devices, endurance and retention tests were carried out. Figures 7(a) and (b) show the endurance and retention behavior obtained by plotting the resistance data at 1 V. The LRS and the HRS were maintained rather steadily over 100 cycles with a resistance ratio of at least 55. A retention time reaching 105 s was also obtained, showing a decent reliability of the SnOx RRAM devices for nonvolatile-memory applications. 
[image: ]
Fig. 7 (a) Endurance and (b) retention performance of the nitrogen annealed SnOx RRAM device.


4. Conclusions
The performance of RRAM devices based on DC sputtered SnOx thin films was investigated. After annealing in nitrogen with an optimum temperature of 300 oC, the devices exhibited rather stable bipolar-switching operations and a relatively large resistance ratio. We also show that the devices did not require any forming process, which may be attributed to sufficient oxygen vacancies generated in the SnOx layer. The bipolar resistance switching behavior was discussed in terms of an interface modified SCLC model. Our results suggest that the Al/SnOx/Pt structure after a suitable annealing process may be a promising candidate for emerging nonvolatile memory applications. 
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