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Abstract

:

HfO2-based resistive random-access memory (RRAM) with a Ti buffer layer has been extensively studied as an emerging nonvolatile memory (eNVM) candidate because of its excellent resistive switching (RS) properties and CMOS process compatibility. However, a detailed understanding of the nature of Ti thickness-dependent RS and systematic thermal degradation research about the effect of post-metallization annealing (PMA) time on oxygen vacancy distribution and RS performance still needs to be included. Herein, the impact of Ti buffer layer thickness on the RS performance of the Al/Ti/HfO2/TiN devices is first addressed. Consequently, we have proposed a simple strategy to regulate the leakage current, forming voltage, memory window, and uniformity by varying the thickness of the Ti layer. Moreover, it is found that the device with 15 nm Ti shows the minimum cycle-to-cycle variability (CCV) and device-to-device variability (DDV), good retention (105 s at 85 °C), and superior endurance (104). In addition, thermal degradation of the Al/Ti(15 nm)/HfO2/TiN devices under different PMA times at 400 °C is carried out. It is found that the leakage current increases and the forming voltage and memory window decrease with the increase in PMA time due to the thermally activated oxidation of the Ti. However, when the PMA time increases to 30 min, the Ti can no longer capture oxygen from HfO2 due to the formation of self-limited TiOx. Therefore, the device shows superior thermal stability with a PMA time of 90 min at 400 °C and no degradation of the memory window, uniformity, endurance, or retention. This work demonstrates that the Ti/HfO2-based RRAM shows superior back-end-of-line compatibility with high thermal stability up to 400 °C for over an hour.
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1. Introduction


Recently, RRAM based on transition metal oxides (TMOs) has attracted increasing attention as one of the most promising candidates for the next generation of eNVM because of its prominent advantages, including its low cost, high integration density, fast switching speed, high endurance, and good CMOS process compatibility [1,2,3,4,5,6,7,8,9]. In recent decades, RS characteristics have been observed and extensively investigated in various TMOs such as HfO2, TaOx, TiO2, AlOx, NiOx, and ZrOx [10,11,12,13,14,15]. Among these TMOs, HfO2 is one of the most representative candidates owing to its high endurance, fast switching speed, and excellent thermal stability [10,16,17].



However, HfO2 deposited by atomic layer deposition (ALD) tends to be a stoichiometric film with few defects or vacancies, resulting in high forming voltage and hard breakdown during the forming operation [10]. This forming process, which involves the application of a voltage typically higher than the operation voltage, induces worse RS performance, larger power consumption, and an additional burden on circuit design. Therefore, to increase the initial oxygen vacancy concentration in the HfO2 to reduce the forming voltage and improve the RS performance, reactive metals such as Ta, Ti, and Hf are generally introduced on the top of the HfO2 layer as oxygen-scavenging metals [18]. Up to now, excellent RS properties, including superior endurance (1010), good retention characteristics (10 years at room temperature), and low switching energy (0.1 pJ per bit operation), have been demonstrated in Ti/HfO2-based RRAM [19,20]. Although the importance of the Ti buffer layer is well understood, the detailed interpretation of Ti thickness-dependent RS has not been fully understood, which significantly limits its applications. Recently, other researchers have found that the leakage current increases and the forming voltage decreases as the Ti thickness increases, and the RS properties can be regulated by changing the Ti thickness [21,22,23]. However, due to the insufficient thickness of the Ti layer, the saturation of the leakage current and the forming voltage with increasing Ti thickness was not observed, resulting in some interesting phenomena being missed. In addition, the effect of the Ti thickness on the RS uniformity has yet to be investigated. Therefore, it is urgent to comprehensively reveal the relationship between Ti thickness and oxygen vacancy concentration in the HfO2 layer and regulate the RS behavior by changing Ti thickness.



Notably, both the fabrication process of the RRAM device and the post-RRAM process need to be carried out at 400 °C. Furthermore, since HfO2-based devices operate based on the formation/fracture of conductive filaments originating from the migration of oxygen vacancies, they are vulnerable to structural defects caused by the heat applied during the annealing process. Therefore, to enable the mass production of RRAM, it is critical to meet the thermal budget requirements of the CMOS process. However, most research on HfO2-based RRAM has focused on improving the RS characteristics of the device. In contrast, there are few reports on the impact of the PMA process on RS performance [24]. Additionally, the cumulative duration of the post-RRAM thermal process, including chemical vapor deposition, rapid thermal annealing, ALD, furnace annealing, and UV curing, usually exceeds one hour. However, up to now, most of the reported thermal stability tests have lasted less than or equal to one hour [25,26,27,28,29]. More importantly, there is no systematic research about the effect of PMA time on oxygen vacancy distribution and RS properties.



In this work, the HfO2-based RRAM devices with different thicknesses of Ti buffer layer are fabricated. It is found that the leakage current, forming voltage, memory window, and uniformity can be regulated by varying the thickness of the Ti buffer layer. Owing to the low forming voltage, the device with 15 nm Ti presents superior uniformity, good retention, and excellent endurance. In addition, the Al/Ti(15 nm)/HfO2/TiN devices with different PMA times at 400 °C are compared and analyzed. It is found that the leakage current (the forming voltage and ON/OFF ratio) increases (decrease) with the increase of the PMA time and remains unchanged when the PMA time increases to 30 min due to the formation of self-limited TiOx. More importantly, the memory window, uniformity, endurance, and retention show no obvious degradation with a PMA time of 90 min at 400 °C, indicating superior thermal stability of the present devices.




2. Materials and Methods


The fabrication process of the Al/Ti/HfO2/TiN devices is described in Figure 1a. To fabricate the Al/Ti/HfO2/TiN devices, 15 nm TiN was first deposited on the heavily doped Si as the bottom electrode by ALD. The precursors used for TiN deposition are ammonia and titanium tetrachloride. Subsequently, pure HfO2 with a thickness of 8 nm was deposited by ALD using tetrakis(dimethylamino)hafnium (TDMAHf) and H2O as precursors. The chamber temperature was set at 250 °C. After the HfO2 deposition, five different thicknesses of the Ti buffer layer (0, 5, 10, 15, and 20 nm) on top of the HfO2 layer were deposited by the sputtering system. Al capping layer with a thickness of 80 nm to protect Ti from oxidation was then deposited by thermal evaporation using the same sputtering system without breaking the vacuum. The TE layer (Al/Ti) was patterned via the lift-off process. Finally, PMA was performed for 0, 10, 15, 30, 60, and 90 min at 400 °C in the N2 atmosphere. The schematic of the prepared Al/Ti/HfO2/TiN devices is shown in Figure 1b.



X-ray photoelectron spectroscopy (XPS) characterizations were performed using a Kratos Axis Ultra system to analyze the chemical states of the samples with a monochromated Al anode. The source operated at a voltage of 14 kV and an emission of 8 mA. The vacuum of the analysis chamber was higher than 5 × 10−9 Torr before measurements. The binding energies were calibrated for the sample charging effect by referencing the C 1s peak at 284.8 eV. Before XPS characterization, the TiOx on the surface was first removed by Ar sputtering in the load lock chamber. To ensure consistency between different samples, special attention needs to be paid to keeping the etching time constant (5 s). The etching rate was roughly 0.7 nm/s.



An Agilent B1500A semiconductor parameter analyzer conducted electrical measurements in the atmospheric ambient. The voltage bias was applied to the top electrode while the bottom electrode was grounded.




3. Results


3.1. Ti Thickness-Dependent RS


In order to reveal the effect of Ti buffer layer thickness on the RS performance, electrical properties, including leakage current (Jg), forming voltage (Vf), and ON/OFF ratio of the Al/Ti/HfO2/TiN devices with different Ti thicknesses, are displayed in Figure 2. The Jg represents the current measured at the initial resistance with a read voltage of 0.1 V. Notably, over 20 devices were tested for each structure to compare. As shown in Figure 2a, the mean values of Jg of the Al/Ti/HfO2/TiN devices with five different Ti thicknesses (0, 5, 10, 15, and 20 nm) are 1.27 × 10−11, 1.18 × 10−10, 3.52 × 10−10, 8.48 ×10−10, and 8.45 ×10−10 A, respectively. Correspondingly, the Vf values are 4.4, 2.4, 1.6, 1.35, and 1.35 V, respectively. It is found that Jg increases and Vf decreases as the Ti thickness increases due to the high oxygen-gettering ability of the Ti. When the Ti thickness increases from 0 to 15 nm, more oxygen vacancies in the HfO2 are introduced, resulting in a higher Jg and a lower Vf. However, Jg and Vf remain almost unchanged when the Ti thickness increases from 15 to 20 nm. It can probably be explained that the oxidation of Ti is self-limiting and that the oxygen vacancy concentration in HfO2 reaches a constant value. Yang et al. demonstrated that self-limiting oxidation comes from the residual compressive stress in TiO2 [30]. When the potential barrier resulting from compressive deformation is higher than the activation energy of oxygen diffusion and reaction, self-limiting oxidation occurs.



After the forming process, bipolar RS behaviors were obtained, where the device could be SET (the switching from high resistance state (HRS) to low resistance state (LRS)) after the positive voltage sweeping and RESET (the switching from LRS to HRS) after the negative voltage sweeping. Figure 2b shows the ON/OFF ratio distribution of the Al/Ti/HfO2/TiN devices with different Ti thicknesses. Notably, the ON/OFF ratio cannot be obtained in the device without the Ti buffer layer, since no RS was observed after the forming process. It is found that the ON/OFF ratio shows a slight decrease when the Ti thickness increases from 5 to 15 nm, which suggests that the initially created oxygen vacancies also play a vital role in switching cycles. Moreover, the ON/OFF ratio remains almost unchanged when the Ti thickness exceeds 15 nm due to the formation of self-limited TiOx.



Based on the above experimental results, schematic diagrams of the generalized model to understand the role of Ti thickness in the RS performance of the present devices are shown in Figure 2c. When a thin Ti layer is inserted on top of the HfO2, the RS behavior is generally unstable due to the higher Vf originating from pre-existing oxygen vacancies. Note that more oxygen vacancies are introduced in the HfO2 layer, and a lower Vf can be obtained by selecting a thick Ti layer (15 nm). However, the ON/OFF ratio decreases (see Figure 2b), which may result from the shorter oxygen vacancy gap region during switching cycles compared to the sample with a thin Ti layer.



Additionally, to further investigate the effect of Ti buffer layer thickness on the RS uniformity, the CCV and DDV of the Al/Ti/HfO2/TiN devices with different thicknesses of the Ti buffer layer (5, 10, and 15 nm) are displayed in Figure 3. It is worth noting that the data for the devices with 20 nm Ti is not displayed in Figure 3, since the devices with 20 nm Ti exhibited a similar RS behavior to those with 15 nm Ti. Regarding the extraction of SET voltage (VSET), we employ a numerical technique that identifies the voltage at which a sudden change occurs in the current. This abrupt transition signifies the initiation of the SET process. In contrast, the LRS and HRS are determined by measuring the resistance values at 0.1 V after the completion of the SET and RESET processes, respectively. Figure 3a,b present the statistical distribution of VSET, LRS, and HRS obtained by 100 dc sweep cycles. It can be clearly observed that the sample with a thicker Ti buffer layer shows improved control of tail bits in the distribution of VSET, HRS, and LRS, indicating that the device with a 15 nm Ti buffer layer exhibits a minimum CCV. In addition, we statistically analyze 200 I-V curves collected in 10 devices for each device with different Ti thicknesses (5, 10, and 15 nm) and quantify the DDV of the VSET, HRS, and LRS by calculating the coefficient of variation (CV) as the standard deviation (σ) divided by the mean value (μ). As displayed in Figure 3c,d, both VSET, HRS, and LRS follow a Gaussian distribution:


  y =   y   0   + A × e x p ⁡ ( −       x − μ     2     2   σ   2     ) ,  



(1)




where y0 and A are constants, μ is the expectation, representing the mean value of the voltage, and σ is the standard deviation, representing the concentration of the voltage distribution. CV is the ratio of σ and μ, reflecting the concentration of the distribution. Furthermore, the VSET, HRS, and LRS of the device with 15 nm Ti show the narrowest distribution, and the DDV of the VSET, HRS, and LRS is 12.85%, 17.07%, and 17.16%, respectively. The above results demonstrate that the device with a 15 nm Ti shows the best RS uniformity, which may originate from the initial high oxygen vacancy concentration, reduced forming voltage, and TiOx formation [26,31].



Since the HfO2-based RRAM device with a 15 nm Ti buffer layer shows the best uniformity, the RS behaviors of the present devices are systematically investigated, as displayed in Figure 4. After the application of a forming voltage (~1.3 V), the present device exhibited stable bipolar RS behavior when the voltage was swept between −1.5 V and 1.5 V, as displayed in Figure 4a. While a continuous voltage swept from 0 V to 1.5 V→−1.5 V→0 V, an obvious hysteresis loop was obtained, where SET occurred at about 1 V and RESET happened at about −1 V. It is worth noting that a compliance current of 50 μA was applied during the forming and SET processes to prevent irreversible breakdown, while no compliance current was applied during the RESET process. This hysteresis behavior is reproducible in the consecutive 100 voltage sweeps, demonstrating stable RS characteristics in the Al/Ti/HfO2/TiN devices. The retention characteristics were measured at 85 °C, as shown in Figure 4b. The ON/OFF ratio is larger than 50, and the current values of the HRS and LRS show no degradation within 105 s, indicating superior retention characteristics.



In addition to stable bipolar RS behavior and good retention characteristics, the present device exhibits superior endurance. When one sequence of SET (1.2 V, 1 μs), read (0.1 V, 30 ms), RESET (−1.5 V, 10 μs), and read (0.1 V, 50 ms) pulses was applied, it was observed that the current value after the SET pulse is several tens of times that of the current value after the RESET pulse (see Figure 4c), demonstrating the presence of the RS behavior. To obtain the endurance for one cycle, one can record one current data point in each read pulse. By repeatedly applying the above pulse sequence, an endurance plot showcasing the current levels of HRS and LRS for 104 cycles was achieved (see Figure 4d), indicating the superior endurance of the present device.




3.2. Systematic Thermal Degradation Research about the Effect of PMA Time on Oxygen Vacancy Distribution and RS Performance


The electrical properties of the Al/Ti(15 nm)/HfO2 /TiN devices with different PMA times were compared and analyzed to investigate the thermal budget effects on the RS characteristics. Figure 5a presents the distribution of Jg and Vf of the Al/Ti(15 nm)/HfO2 /TiN devices with increasing PMA time from 0 to 90 min. The mean values of Vf in the present devices with increasing PMA times (0, 10, 15, 30, 60, and 90 min) are 1.35, 1.05, 1.00, 0.96, 0.96, and 0.96 V, respectively. Correspondingly, the Jg values are 1.1 × 10−9, 2.44 × 10−8, 3.36 × 10−8, 4.00 ×10−8, 3.77 ×10−8, and 4.09 ×10−8 A, respectively. Notably, for the devices with PMA for over 30 min, the Vf (0.96 V) is close to the VSET (0.9–1.0 V), indicating that the devices show forming-free characteristics. It is obvious that Jg increases and Vf decreases with the increase of the PMA time from 0 to 30 min due to thermally activated oxidation of the Ti buffer layer. However, Jg and Vf remain almost unchanged when the PMA time is over 30 min, which indicates that self-limiting oxidation has occurred.



Furthermore, to demonstrate the occurrence of self-limiting oxidation, XPS characterizations were employed to reveal the atomic composition changes of Ti on the surface of three samples with the structure of Ti/HfO2/TiN using PMA times of 0, 30, and 90 min. Notably, the TiOx on the surface is first removed by Ar sputtering in the load lock chamber of the XPS system. Figure 5b–d show the normalized Ti 2p core-level spectra of three samples with increased PMA time. Quantitative peak analysis was performed by fitting spin-orbit splitting components with Doniach Sunjic (Ti) and Gaussian-Lorentzian (TiO2) line shapes to the spectrum. Each Ti 2p orbital doublet peak was fitted with an area ratio of 1:2, and the spin orbit splitting of Ti and TiO2 was 6.1 eV and 5.60 eV, respectively, consistent with the values in the literature [32]. To highlight the changes in the Ti oxidation among these three samples, the ratio between the Ti and the TiO2 intensity was calculated and further expressed as Ti/TiO2. When the PMA time increases from 0 to 30 min, the Ti/TiO2 ratio decreases from 37.6% to 6.5%, demonstrating enhanced Ti oxidation at the Ti/HfO2 interface because of the thermally activated oxidation of the Ti. More importantly, the Ti/TiO2 ratio is nearly unchanged when the PMA time further increases to 90 min, suggesting that the oxidation of Ti has stopped due to the formation of self-limited TiOx.



In order to better understand the role of the self-limited TiOx in the thermal stability of the Al/Ti/HfO2/TiN device, schematic diagrams of the model with increasing PMA time are depicted in Figure 5e. For the device without PMA, due to the high oxygen-gettering ability of the Ti, the Ti captures oxygen from the HfO2 layer and is spontaneously oxidized to TiOx. Meanwhile, a large number of oxygen vacancies are introduced in the HfO2 layer. When the PMA time increases to 30 min, the TiOx layer becomes thicker because of the thermally activated oxidation of the Ti. Therefore, more oxygen vacancies are introduced in the HfO2 layer, resulting in higher Jg and lower Vf. When the PMA time further increases, the TiOx layer is thick enough that the remote Ti cannot capture oxygen from HfO2, leading to the occurrence of self-limiting oxidation. Once the self-limited TiOx is formed, the Jg and Vf become saturated (see Figure 5a).



Furthermore, the I-V curves of the Al/Ti(15 nm)/HfO2/TiN devices with increasing PMA time from 0 to 90 min are compared in Figure 6a. To confirm the fair comparison of the devices with different PMA times, a consistent compliance current of 100 μA was applied during the SET process. It is observed that all the devices show similar bipolar RS behavior. However, the HRS and LRS degraded clearly with the increase in PMA time. To further verify the relationship between PMA time and RS performance, the distribution of HRS/LRS and ON/OFF ratio with increasing PMA time from 0 to 90 min is summarized in Figure 6b. When the PMA time increases from 0 to 30 min, the HRS (LRS) degrades from 2.75 MΩ to 519 KΩ (from 57 KΩ to 16 KΩ), and the ON/OFF ratio exhibits a slight decrease from 48.2 to 34.8. This trend can be explained by the formation of permanent vacancies in the film due to the thermally activated oxidation of the Ti buffer layer. Notably, the HRS/LRS and ON/OFF ratios remain nearly constant when the PMA time is over 30 min, similar to the trend of the Jg and Vf caused by the formation of self-limited TiOx.



Additionally, to further verify the thermal stability of the Al/Ti(15 nm)/HfO2/TiN devices, the switching properties of the devices with PMA times of 0 and 90 min are compared in Figure 7. Although the device with a PMA time of 90 min shows lower VSET and HRS/LRS, both devices have similar distributions of VSET and HRS/LRS, indicating that the uniformity of the Al/Ti(15 nm)/HfO2/TiN device shows no degradation after PMA (see Figure 7a,b). In addition, after PMA for 90 min, the device still exhibits superior retention characteristics (104 s) and good endurance (103), as shown in Figure 7c,d. These results demonstrate that the Ti/HfO2-based device shows high thermal stability up to 400 °C for over an hour.



Table 1 summarizes the performance comparison with previous works using PMA. Most of the reported HfO2-based or TaOx-based RRAM with PMA [25,26,27,28] generally used Pt as the bottom electrode or the capping layer, leading to poor compatibility with the CMOS process. In addition, the duration of most reported thermal stability tests was less than or equal to one hour [25,26,27,28,29]. In our work, the devices show forming-free characteristics with good CMOS compatibility. More importantly, the duration of PMA was more than 1 h in this work, and the effect of PMA time on oxygen vacancy distribution and RS performance was systematically studied.





4. Conclusions


In this work, the effect of the Ti buffer layer thickness on the RS performance has been systematically investigated. It was found that the device with a thick Ti shows improved uniformity and RS properties compared with the device with a thin Ti. The Ti buffer layer plays a vital role in the engineering of the interfacial oxidation reaction, which acts as an oxygen-scavenging layer to enhance RS uniformity. In addition, systematic thermal degradation research about the effect of PMA time on oxygen vacancy distribution and RS performance was employed based on the Al/Ti(15 nm)/HfO2/TiN devices. It was found that the leakage current increases and the forming voltage and memory window decrease with the increase in PMA time due to the thermally activated oxidation of the Ti buffer layer. However, when the PMA time is over 30 min, the forming voltage and memory window remain unchanged because of self-limiting oxidation. Therefore, the device shows superior thermal stability with a PMA time of 90 min at 400 °C and no degradation of the memory window, CCV, endurance, or retention.
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Figure 1. (a) Process flow and (b) schematic of the Al/Ti/HfO2/TiN RRAM devices with a Ti buffer layer. 
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Figure 2. (a) The Jg and Vf of the Al/Ti/HfO2/TiN devices with different Ti thicknesses. (b) ON/OFF ratio distribution of the Al/Ti/HfO2/TiN devices with different Ti thicknesses. (c) Schematics of the role of Ti thickness in the RS performance of the HfO2-based RRAM devices during SET and RESET operations. Green circle represents oxygen vacancies. 
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Figure 3. The statistical distribution of (a) VSET and (b) LRS/HRS obtained by 100 dc sweep cycles. Cumulative distribution of (c) VSET and (d) LRS/HRS collected from 200 DC cycles of 10 randomly selected devices. 
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Figure 4. (a) The forming process, the first RESET process, and subsequent 100 cycles of I-V curve of the Al/Ti(15 nm)/HfO2/TiN device. The arrow represents the sweeping direction. (b) Current values of the HRS and the LRS with a read voltage of 0.1 V at 85 °C. (c) The measured current when one sequence of SET, read, RESET, and read pulses is applied. (d) Endurance of the Al/Ti(15 nm)/HfO2/TiN device. 
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Figure 5. (a) The distribution of Jg and Vf of the Al/Ti(15 nm)/HfO2/TiN devices with increasing PMA time from 0 to 90 min. Ti 2p spectra of three samples with the structure of Ti/HfO2/TiN using PMA times of (b) 0 min, (c) 30 min, and (d) 90 min, respectively. All spectra are normalized and fitted with Ti 2p and TiO2 2p peaks. (e) Schematic diagrams of the model to understand the role of the self-limited TiOx in thermal stability of the Al/Ti/HfO2/TiN device with increasing PMA time. 
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Figure 6. (a) I−V curves of the Al/Ti(15 nm)/HfO2/TiN devices with increasing PMA time from 0 to 90 min. The PMA temperature is fixed at 400 °C. The arrow represents the sweeping direction. (b) The distribution of HRS/LRS and ON/OFF ratio of the Al/Ti(15 nm)/HfO2/TiN devices with increasing PMA time from 0 to 90 min. The PMA temperature is fixed at 400 °C. 
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Figure 7. The statistical distribution of (a) VSET and (b) LRS/HRS obtained by 100 dc sweep cycles of the Al/Ti(15 nm)/HfO2/TiN devices with PMA time of 0 and 90 min. The temperature is fixed at 400 °C. (c) Endurance and (d) retention characteristics of the Al/Ti(15 nm)/HfO2/TiN devices with PMA times of 0 and 90 min. The temperature is fixed at 400 °C. 
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Table 1. Performance comparison with previous works using PMA.
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	Structure
	Forming Voltage
	Temp.
	Time
	Ref.





	Ta/TaOx/Pt
	Forming free
	400 °C
	30 s
	[25]



	Pt/Ti/HfO2/Pt
	Forming free
	500 °C
	10 min
	[26]



	Al/Ta/HfO2/Pt
	8.79 V
	400 °C
	60 min
	[27]



	Pt/Ti/HfO2/Pt
	Forming free
	300 °C
	60 s
	[28]



	TiN/Ti/HfO2/TiN
	3.8 V
	400 °C
	60 min
	[29]



	TiN/Ti/TiN/

HfO2/TiN
	1.2 V
	400 °C
	180 min
	[31]



	Al/Ti/HfO2/TiN
	Forming free
	400 °C
	90 min
	This work
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