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Abstract

:

In the attempt to understand the behavior of HfO   2  -based resistive switching devices at low temperatures, TiN/Ti/HfO   2  /W metal–insulator–metal devices were fabricated; the atomic layer deposition technique was used to grow the high-k layer. After performing an electroforming process at room temperature, the device was cooled in a cryostat to carry out 100 current–voltage cycles at several temperatures ranging from the “liquid nitrogen temperature” to 350 K. The measurements showed a semiconducting behavior in high and low resistance states. In the low resistance state, a hopping conduction mechanism was obtained. The set and reset voltages increased when temperature decreased because the thermal energies for oxygen vacancies and ions were reduced. However, the temperature did not influence the power absorbed in the reset transition, indicating the local temperature in the filament controls the transition. The set transition turned from gradual to abrupt when decreasing the temperature, due to a positive feedback between the current increase and the Joule heating at low temperatures.
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1. Introduction


The phenomenon of bipolar resistive switching based on the valence change mechanism (VCM) has been attracting great attention in recent years [1,2]. In these devices, a conductive filament (CF) due to oxygen vacancies can be formed and ruptured by applying voltage or current signals. Due to their simple structure, high operation speed, good endurance, and low power consumption, they are currently considered to be one of the next-generation alternatives to traditional non-volatile memories [3,4]. The information in the VCM cells can be encoded in different resistance states, obtaining analog-like multilevel operation. This behavior allows the use of these devices for the implementation of artificial neuronal synapses in neuromorphic systems, since the synaptic weight between two neurons can be electrically adjusted [5]. Various materials have been studied as resistive switching devices, such as perovskites [6], manganites [7], and even organic materials [8]. However, metal oxides are the most widely studied materials [9]. Among them, HfO   x  -based devices have been found to be highly scalable, CMOS compatible, and robust; and they are capable of ultrafast and low-energy consumption operation [10,11]. In low-temperature applications, such as aerospace applications, the lack of low-cost, high-density, and endurable NVM has been a main limiting factor [12].



The behavior of HfO   x  -based resistive switching devices at low temperatures is important, not only to know the switching capability and stability at low temperatures, but also to study the conduction mechanism in the high-k layer. Previous research often showed temperature measurements in order to address the conduction mechanisms of the samples studied [13,14], establish whether the devices show ohmic or hopping conduction, etc. A study conducted by Kumar Lata et al. showed almost no resistance state temperature dependence at high temperatures (300–450 K) [15]. Another study at high temperatures but in a small temperature range showed no definitive evidence for temperature dependence [13]. A relevant study performed by Walczyk et al. [16] on HfO   2   devices in the 213–413 K range showed that LRS increased with temperature, whereas HRS decreased with rising T, meaning that the resistance ratio greatly reduced as the temperature grew. However, not many studies on the low-temperature characteristics of HfO   2   devices can be found. A study on Ti/Hf/HfO   2  /Au in the 100–200 K range showed that the resistance increased as the temperature decreased [17]. A report on Cu-doped HfO   2   films showed that the LRS increased with temperature, whereas the HRS decreased as the temperature rose [18]. Finally, a study on HfO   2   and HfO   x   devices conducted by Molina et al. showed that the HRS increased as the temperature dropped [19].



In this work, our objective was studying the electrical properties of HfO   2  -based metal–insulator–metal structures by measuring current–voltage resistive switching cycles at several temperatures ranging from “liquid nitrogen temperature” to 350 K. We focused our attention on the conduction mechanisms and the influences of the temperature on set and reset transitions.




2. Experimental


In order to carry out our study, TiN/Ti/HfO   2  /W metal–insulator–metal devices were used as resistive switching devices. The fabrication process started with the deposition of a 20 nm-thick Ti adherence layer on a 100 mm-diameter Si-n    + +    wafer, followed by the deposition of a 50 nm-thick W layer. Both layers were grown by magnetron sputtering. Next, a 100 nm SiO   2   isolation oxide was grown by plasma-enhanced chemical vapor deposition (PECVD) using SiH   4   as the precursor, and then patterned by photolithography and dry etching. The apertures in the SiO   2   layer define the active area of the MIM devices. After the active area definition, the 10 nm HfO   2   film was deposited by atomic layer deposition (ALD) at 225    ∘  C using TDMAH and H2O as precursors and N   2   as the carrier and purge gas. The top electrode, consisting of a metal layer of 10 nm-thick Ti and 200 nm-thick TiN, was then grown by magnetron sputtering and patterned by a lift-off process. Finally, a 500 nm Al layer was deposited on the back of the wafer by magnetron sputtering for electrically contacting the W botton electrode through the Si-n    + +    substrate. Devices with an area of   1.44 ×  10 4   μ  m   2   were used to perform the electrical measurements. Figure 1 shows a cross-section picture of our devices.



The current–voltage (I–V) measurements were carried out using a Hewlett-Packard Semiconductor Parameter Analyzer (model 4155B). The measurements were performed at several temperatures ranging from liquid nitrogen temperature (≈78 K) to 350 K. Devices were first cooled in darkness using an Oxford Instruments cryostat (model DM1710), and an Oxford Instruments temperature controller (model ITC 503) was used to monitor and to control the temperature during the measurements. One hundred current–voltage cycles were measured at each temperature (78, 100, 125, 150, 200, 225, 250, 275, 300, 325, and 350 K); we started the measurements at the lowest temperature. The equipment was connected to a computer using a GPIB interface and was controlled using Agilent VEE software.




3. Results and Discussion


The fabricated devices showed bipolar resistive switching behavior, as shown in Figure 2 for the 300 K measurements, with set and reset transitions at positive and negative voltages, respectively. Together with the 100 cycles measurements, we have represented the average in red. These devices were previously studied, and filamentary conduction was observed. The resistive switching mechanism was found to be valence change memory effect (VCM) [20]. In this mechanism, the conductive filaments are due to oxygen vacancies [21]. The oxygen reservoir capability of Ti is well known. It is able to attract/release oxygen from/to the HfO   2   layer during the reversible I–V cycles [22]. This oxygen ion migration was responsible for the formation of percolation paths made of oxygen vacancies. An initial electroforming process was necessary to form the conductive filaments in our devices. We performed the electroforming at room temperature before cooling the device, and a current compliance of 200  μ A was used during the forming process to prevent irreversible oxide breakdown.



Figure 3 shows the resistance value’s cumulative probability in the low resistance state (  R  o n   ) at the temperatures used in this work. The cycle-to-cycle variability was not significant: it is known the low resistance state (LRS) variability worsens when a compliance current is used in the set transition [3], but we did not use any compliance in our I–V measurements. We observed a semiconducting (or non-metallic) behavior in the LRS because the resistance value decreased when temperature increased. Usually, resistive switching devices at LRS show metallic behavior or hopping conduction. For conductive bridge devices (CBRAMs), metallic behavior is obtained because the conductive filament is caused by metal ions, as has been observed by microscopy several years ago [23]. However, VCM devices can show either metallic or hopping conduction, depending on the concentration of oxygen vacancies [24]. For instance, metallic behavior was observed in TiN/HfO   2  /Ti/TiN capacitors [16], and non-metallic was observed in TiN/HfAlO   x  /Pt structures [12], although metallic behavior was observed in the latter case for breakdown devices, where very high concentrations of oxygen vacancies were present. We can observe the current in the LRS was thermally activated. These processes usually follow an Arrhenius law, indicating the existence of an activation energy (  E a  ). The use of ln(I    o n   ) vs. 1/kT relationship allowed us to obtain an activation energy value, as we have represented in Figure 4a for V    T O P    = +0.1 V. We can observe the current reached a saturation value at low temperatures. As the current was due to hopping via traps created by oxygen vacancies, electron thermal energy was not high enough at low temperatures to hop between nearest neighbor traps.



On the other hand, the equation of hopping conduction is [25]:


  I = q A N a  ν 0  exp    −  E T    k T    exp    q a V   2 d k T    ,  



(1)




where q is teh electron charge, A is the area, N is the density of space charge, a is the average of hopping distance,   ν 0   is the intrinsic vibration frequency,   E T   is the barrier height of hopping, k is the Boltzmann constant, T is the temperature, d is the oxide film thickness, and V is the voltage applied to the top electrode. The activation energy   E a   can be expressed as    E T  − q a V / 2 d  , so if we represent the activation energy for different applied voltages, we can obtain the barrier height of hopping as the intercept of vertical axes. We have represented the   E a   vs. V    T O P    plot in Figure 4b, and we obtained a barrier height of 11.9 meV. R. Fang et al. found   E T   values ranging from 6 to 54 meV depending on the resistance state in TiN/HfAlO   x  /Pt capacitors [12], a value with the same order of magnitude as our result. Moreover, the slope of the fitting line shown in Figure 4b allowed us to obtain the average of hopping distance in the LRS. The value obtained is 0.3 nm, a similar value than the one obtained by K-H. Chen et al., who obtained a value of 1.44 nm when using a 10  μ A compliance current and a value of 0.3 nm when using a 100  μ A compliance current, in zinc-doped SiO   2  -based resistive switching devices [25].



Figure 5 shows the resistance value’s (  R  o f f   ) cumulative probability in the high resistance state (HRS). Cycle-to-cycle variability was larger than in the LRS case. The variability is attributed to a change in the number of oxygen vacancies in the CF due to the stochastic nature of formation and rupturing during the set and reset transitions. The indeterminate tunneling gap formed in the reset process is responsible for the variability of   R  o f f    [26]. Although temperature dependence can be observed in HRS, the cycle-to-cycle variability makes it difficult to study this dependence. Different mechanisms have been proposed for the conduction in HRS, such as Poole–Frenkel emission [27], tunneling [28], and Schottky emission [29].



Figure 6a shows the reset voltage (V    r e s   ) as a function of the temperature. The reset voltage has been obtained as the point having the maximum current in the reset process. Each point in the graph corresponds to the mean value of 100 I–V cycles and is plotted together with standard error bars. The reset voltage’s cycle-to-cycle variability was almost negligible, mainly, at room and higher temperatures. However, there is a clear temperature dependence: V    r e s    increases as temperature decreases. This trend is usually related to the thermal energies of oxygen vacancies: as the temperature cools down, a stronger electric field is needed to form or to rupture the conductive filaments because the thermal energies for oxygen vacancies and ions are reduced [12]. In a recent work, we observed, in measurements performed at room temperature, that set and reset transitions, and even intermediate resistance states, could be controlled by the power absorbed by the devices [30]. Figure 6b shows the power absorbed by the devices in the reset transition as a function of the temperature. We have also added standard error bars. The error increased for low temperatures due to a greater dispersion in the resistance values (see Figure 3). The power was always about 8 mW regardless of the temperature value. This result implies the reset is a Joule process: the conductive filament rupture is controlled by its local temperature. The temperature influences the resistance value in LRS (  R  o n   ) because, as explained, hopping conduction is a thermally activated process. Higher temperatures imply lower   R  o n    values, and as    V  r e s   =   P /  R  o n      , lower voltage values are necessary to obtain the power necessary to attract oxygen ions from the Ti layer. We saw in Figure 4a that the current in LRS (I    o n   ) saturates at low temperatures. However, the reset power value (P    r e s e t   ) remains constant despite the saturation I    o n    value at low temperatures, because V    r e s e t    becomes constant at temperatures near the liquid nitrogen one (see Figure 4a).



Regarding the set voltage, Figure 7 shows V    s e t    for the different temperatures. The set voltage has been defined as the applied voltage whose derivative value reaches a fixed value. As for the reset voltage, each point in the graph corresponds to the mean value of 100 I–V cycles and is plotted together with standard error bars. The temperature dependence was similar that the one observed in the reset case: V    s e t    increased as temperature decreased, because, as stated before, the thermal energies for oxygen vacancies and ions were reduced. However, although the cycle-to-cycle variability was small at high temperatures, in this case it increased when temperature decreased, as standard error bars indicate in Figure 7. The stochastic formation of the CF was clearly enhanced at low temperatures. In the reset case, we did not see such high cycle-to-cycle variability at low temperatures, perhaps because the high current flowing through the filaments just before the reset increased the local temperature.



In order to show the differences in the set transition at low and high temperatures, 100 I–V cycles at positive V    T O P    voltages are represented in Figure 8 for 100 K (as an example of of low temperature) and 350 K (as an example of high temperature). In the case of T = 100 K, we can observe different bands which have been plotted using red and black for a clear visualization. These bands are only a measurement artifact due to the voltage step used in the I–V measurements (25 mV). This voltage is the minimum interval between two consecutive bands. If a lower voltage step had been used, a greater number of bands would have been obtained and the bands would have been closer. There is another issue regarding the set transition. It is an abrupt transition for low temperatures, but it turns into a gradual transition for temperatures higher than about 200 K, as represented in Figure 8 in blue for the 350 K measurements. The abrupt switching events are related to a positive feedback between the current increase and the Joule heating [31,32]. The current increment was able to increase the local temperature, which caused a faster change in the oxygen vacancies concentration, and thereby increased the current again. At temperatures higher than about 200 K, the abrupt transitions disappeared. At these temperatures, the thermal energy for oxygen vacancies was high enough so they could move from or to the Ti layer at enough low voltages to obtain gradual set transitions. However, at lower temperatures, stronger electric fields were required to form the filament, suddenly increasing the power dissipated and the Joule heating. The mean values of the different bands shown in black and red in Figure 8 for the 100 K measurement are represented in Figure 9a. Once the device was in the LRS after performing the set transition, the resistance state was independent of the V    s e t    value, as we have represented in Figure 9b. The set transition has been represented as a blue to red color change in Figure 9. After performing the set transition, the red lines overlap regardless the V    s e t    value. Hence, the cycle-to-cycle variation was not due to the existence of different conductive filaments, as their shape would probably be different and we would obtain different resistance states depending on which filament is fully formed. The variation seems to be due to the stochastic nature of the switching mechanism.




4. Conclusions


In summary, our study of the electrical properties of TiN/Ti/HfO   2  /W resistive switching devices revealed a non-metallic behavior and a hopping conduction mechanism in the low resistance state. A barrier height value of 11.9 eV and a hopping distance value of 0.3 nm were obtained, values with the same order of magnitude as the ones found in other works. The reset voltage increases at low temperatures; however, the reset transition is a Joule process, as no temperature dependence was found in the power absorbed in this transition. The decrease in the hopping current at low temperatures implies higher Vres to keep the power constant. In the case of the set transition, low temperatures increase the set voltage, and also enhance the cycle-to-cycle variability. The set transition changed from a gradual transition at room temperatures to an abrupt transition when devices were cooled to 200 K or lower temperatures. Positive feedback between the current increase and the Joule heating can explain this trend.
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Figure 1. Cross-section picture of our resistive switching devices. 
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Figure 2. Current–voltage cycles measured at 300 K (black lines) and the 100-cycle average (red line). 
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Figure 3.   R  o n    @ V    T O P    = +0.1 V cumulative probability measured at different temperatures ranging from 78 K to 350 K. 
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Figure 4. Arrhenius plot (a), and barrier height of hopping and average hopping distance (b). 






Figure 4. Arrhenius plot (a), and barrier height of hopping and average hopping distance (b).



[image: Electronics 10 02816 g004]







[image: Electronics 10 02816 g005 550] 





Figure 5.   R  o f f    @ V    T O P    = +0.1 V cumulative probability measured at different temperatures ranging from 78 K to 350 K. 






Figure 5.   R  o f f    @ V    T O P    = +0.1 V cumulative probability measured at different temperatures ranging from 78 K to 350 K.



[image: Electronics 10 02816 g005]







[image: Electronics 10 02816 g006 550] 





Figure 6. Reset voltage, V    r e s   , (a) and reset power, P    r e s   , (b) measured for the different temperatures. Each point corresponds to the mean value of 100 I–V cycles. 
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Figure 7. Set voltage, V    s e t   , mean value of 100 I–V cycles. 
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Figure 8. I–V curves at positive voltages for T = 100 K (red and black lines) and T = 350 K (blue lines). 
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Figure 9. Mean values of the different bands for the I–V characteristic measured at 100 K (a) and the R–V characteristic at 100 K obtained from the mean values of the bands (b). 
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