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Abstract:



Featured Application


This work can be used for the optimal design of higher efficiency phase change memory (PCM) cells.




Abstract


Phase change memory (PCM) is an important element in the development and realization of new forms of brain-like computing. In this article, a three-dimensional finite element method simulation is carried out to study the temperature profiles within PCM cells for a better understanding of switching operations. On the basis of a finite difference method, the simulation consists of phase transition kinetics, electrical, thermal, percolation effect, as well as thermoelectric effects, using temperature-dependent material parameters. The Thomson effect within the phase-change material and the Peltier effect at the electrode contact are respectively considered for a detailed analysis of the impact on the temperature profiles and the programming current for switching processes. The simulation results show that switching operations are primarily implemented by the melting and quenching of the phase-change material close to the contact between the bottom electrode and phase change material, and its final phase distribution is determined by the cooling rate. With positive current polarity, thermoelectric effects improve heating efficiency and then reduce the programming current. Because of the different occurrence region, the Peltier effect significantly changes the temperature profile, which is more influential in switching operations. Additionally, the contribution of thermoelectric effects decreases with the cell size scaling because of the weakening of the Peltier effect. This paper aims at providing a more precise description of the thermoelectric phenomena taking place in switching operations for future PCM design.
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1. Introduction


Recently, phase change memory (PCM) has received much attention as an attractive next generation memory technology because of its benefits, such as fast its programming speed, non-volatility, low cost, promising scalability, good endurance, and capability of performing complicated non-binary arithmetic processing and computation [1,2,3,4,5,6]. PCM cells store data by means of reversible transitions between conductive crystalline (SET) and highly resistive amorphous (RESET) states of a small active region within phase change materials (common Ge2Sb2Te5 (GST) [7]), induced by appropriate heating via electrical pulses. RESET operation requires a short and intense electrical pulse to heat the active region above its melting temperature, and a subsequent rapid quenching solidifies the GST materials into the amorphous state allowing it insufficient time to crystalize. The reverse process, SET operation, involves recrystallization of the amorphous region formed during the RESET operation, where a moderate amplitude longer duration pulse is used to switch the amorphous region back to a crystalline state through annealing above crystallization temperature or melting followed by slower cooling.



Given the large temperature gradients and current densities during the switching operation, thermoelectric effects have a large impact on the performance of PCM cells [8]. The thermoelectric effects are the result of the energy exchange between the charge carriers and the lattice in the presence of an electric current [9]. When the junction of different materials is heated, electrons are enabled to pass from the material in which the electrons have the lower energy into that in which their energy is higher, giving rise to an electromotive force, namely the Seebeck effect. The Peltier effect appears as heating/cooling at the junction, because the energy transported by the electrons is altered when a current passes from one material to another. The Thomson effect consists of reversible heating or cooling as charge carriers absorb or release energy along a uniform material under an electrical current due to a temperature gradient. These thermoelectric effects influence the temperature profiles within the cell through heating or cooling depending on the direction of current, and then change the final phase distribution and the corresponding resistance of the cell.



For future cell design, it is necessary to investigate these thermoelectric phenomena in detail. Owing to the short phase change timescales involved and the small length scales of actual PCM cells, quite a few numerical simulations have been executed for a systematic analysis of the PCM cell operations, however they have typically neglected the phase change process or not included the thermoelectric effects [8,10,11,12]. In reality, the phase-change behavior is closely related to the temperature and its history. The final phase distribution cannot be accurately captured only using the temperature profile, especially in the SET operation, which requires enough temperature and time for crystallization. A model containing phase change kinetics is essential for a comprehensive study of the thermoelectric effects during the PCM cell operations.



In this article, we employed a three-dimensional finite element simulation to study the temperature profiles within the PCM cells, which is available for arbitrarily complex cell structure. We carry out electrical, thermal, and phase change simulations for a complete description of switching operations in the PCM cells, considering the temperature dependence of material parameters. The thermoelectric effects are included by the modification of the current continuity equation and the heat conduction equations. The simulated temperature profiles are studied in detail for the analysis of thermoelectric effects in switch processes. The impact of isotropic scaling on thermoelectric effects is also addressed.




2. Model and Materials


2.1. Model


The geometry of the simulated mushroom PCM cell is shown in Figure 1. The mushroom cells are more relevant for the PCM industry because of the higher density storage and greater susceptibility to thermoelectric heating due to asymmetric geometries. The cell consists of a W (tungsten) top electrode contact, a TiN (titanium nitride) shared top electrode, a GST phase change layer, a TiN narrow bottom electrode (BE), and a W plug surrounded by the thermal and electrical insulation (SiO2) with dimensions provided in the Figure 1. The TiN electrode, which has a lower thermal conductivity, acts to confine the energy in the GST layer. An ideal square-wave electrical pulse is biased on the W top electrode contact while the W bottom electrode contact is grounded, which is referred to as the positive bias pulse. A small pulse is applied to calculate the electrical resistance of the cell.


Figure 1. Cross-sectional view of the simulated mushroom phase change memory (PCM) cell.
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In this study, we adopt the finite difference method, in which a model space is discretized into three-dimensional Cartesian grids according to the complex geometry of PCM cells with arbitrary cell configuration. The model includes four individual sub-models: electrical, thermal, phase change, and percolation, for a complete description of switching operations in the PCM cells.



The spatial electrical potential distribution in the cells are modeled by iteratively solving the current continuity equation for each mesh element, and considering particularly the additional current generated due to the Seebeck effect. The calculated electrical current in each mesh element induces local heating as a heat source known as Joule heat. Subsequent heat diffusion changes the temperature distribution, which is calculated by solving the heat conduction equation. Because of the significant contribution compared with Joule heating, thermoelectric heating, consisting of Thomson heat within the GST layer and Peltier heat at the GST–BE interface, should also be considered.



The current continuity (1) and heat conduction (2) equations are modified to include the thermoelectric effects and are given by
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where J is the current density, σ is the electrical conductivity, V is the electric potential, S is Seebeck coefficient, T is the temperature, d is the mass density, and CP is the heat capacity. The thermoelectric contributions are included as thermally driven diffusion current (−σ·S∇T) in Equation (1) and thermoelectric heat transport (−TJ·∇S, Peltier heating and −TJ·(dS/dT)∇T, Thomson heating) in Equation (2) [10].



The classical theory of nucleation is applied in the phase change model to study switching characteristics according to the calculated temperature distribution [11]. Here, we consider homogenous and heterogeneous nucleation in the bulk material and at interfaces to simulate the crystallization process. The temperature dependent nucleation rate, the growth velocity of the nuclei and the probabilities of crystallization via nucleation or growth are also included. The overall physical property changes of the phase change material, referred to as the percolation effect, are calculated by Bruggeman effective medium approximation [13].




2.2. Materials


The parameters used in the model at zero electric field and room temperature (300 K) are shown in Table 1 [11].


Table 1. Numerical values for electrical conductivity ρ, thermal conductivity κ, and specific heat C of SiO2, TiN, and W.











	
	ρelec (Ω m)
	κ (W/m K)
	C (J/Kg K)





	SiO2
	1014
	1.3
	1050



	TiN
	10−6
	14
	784



	W
	5.4 × 10−8
	175
	132









Temperature dependent electrical resistivity of crystalline (fcc) and amorphous GST close to room temperature is extrapolated up to Tmelt (Figure 2a) to model the metastable ρ(T) functions [14]. A constant value of ρliquid = 5 µΩ·m is used for liquid GST [15].


Figure 2. (a) Electrical conductivity of crystalline and amorphous Ge2Sb2Te5 (GST); (b) thermal conductivity of GST with phonon and electronic contributions shown; (c) heat capacity for GST with a plateau at melting to include latent heat of fusion; (d) Seebeck coefficients for GST in amorphous and crystalline phases; (e) negative Seebeck coefficient of TiN.
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The thermal conductivity (κ) of solid GST [Figure 2b] is approximately the sum of a phonon contribution (κph), which is assumed to be independent on the temperature [16], and an electronic contribution (κel), which is calculated using the Wiedemann–Franz law [17]. Thermal conductivity of liquid GST is assumed to be dominated by κel.



Seebeck coefficients of GST (Figure 2c) are measured up to 740 K, and modeled to be constant between 800 K and 873 K, and assumed to have a constant value of 1 µV/K in the liquid phase [18]. Seebeck coefficients for TiN (Figure 2d) are measured in the 300–800 K range and extrapolated to 1000 K [8].



The specific heat (CP) of the GST layer is assumed as a constant value of 202 J/(kg·K), which is independent on the temperature and the phase state. The latent heat of the amorphous-to-crystalline transformation ΔHv is taken from Ref. [19]. This work has some limit due to the fact that the thermal boundary resistances (TBR) is not included in the focus on thermoelectric effects, and the effect of TBR requires further study.





3. Results and Discussion


3.1. RESET Operation


The simulated temperature distribution within the mushroom PCM cell at the time of maximum temperature occurrence, that is the end of the RESET pulse, is plotted in Figure 3a, where thermoelectric effects are not considered. Although our model is a three-dimensional finite element simulation, all the results are given in two-dimensions to be able to compare the variation of temperature profiles and phase distributions with and without thermoelectric effects more plainly and clearly. A 2.6 mA, 50 ns input pulse is applied to heat the GST material adjacent to the GST–BE interface above its melting temperature, and it subsequently cools into the amorphous phase. The crystallization fraction (f) inside the GST layer is shown in Figure 3b. The GST–BE interface is completely covered by the amorphous GST plug, forming a high-resistance path on readout between the top and bottom electrodes. The corresponding cell resistance increases two orders of magnitude as compared to the original value, and then the RESET operation is accomplished.


Figure 3. (a) Temperature distribution within the simulated cell at the end of the pulse; (b) corresponding phase distribution in the GST layer, with blue and red regions representing the amorphous and crystalline phase, respectively.
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From the above, the temperature distribution governs the formation of the amorphous region and the resulting cell resistance. Hence, through strongly altering the temperature distribution within the PCM cells, thermoelectric effects can influence the current for successful RESET. Figure 4 shows the temperature profiles within the PCM cells at the end of the pulse with the same current pulses (2.5 mA, 50 ns) for both positive and negative polarities. With the positive polarity current, both the Peltier effect and the Thomson effect can improve the heating efficiency and then expand the volume of the molten region, which is beneficial to form enough amorphous zone for the RESET operation with lower pulse amplitude. Additionally, the cell requires more current because of the cooling induced by the thermoelectric effects under negative current polarity.


Figure 4. Temperature profiles within the cells at the end of the pulse (2.5 mA, 50 ns) for positive (a–c) and negative (d–f) polarities, including no thermoelectric effects (a,d), only Thomson (b,e), and only Peltier heating (c,f).
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Because of the different occurrence region, these thermoelectric effects have different influences on the temperature profiles. The Thomson effect mainly occurs in the GST materials, and slightly raises the temperature reached in the GST layer, shown in Figure 4b, similar to the results of the pulse amplitude increasing. The Peltier effect in the cell with the 250 nm width bottom electrode, simulated in this paper, results in a larger change in the thermal profiles compared with the Thomson effect (Figure 4c), because of the greater energy released in the active region and, more importantly, a more critical location at the GST­­–BE interface. Therefore, the Peltier effect can cause the position of the hot spot to shift towards the GST–BE interface, heat the GST material near the interface more easily, and then, vastly influence the result of the RESET operation. On the contrary, the Peltier effect hinders the RESET operation more seriously with the negative polarity, as plotted in Figure 4f.



The cell resistance as a function the RESET current is plotted in Figure 5. The current polarity has no impact on the RESET current (solid squares) when neglecting thermoelectric effects. In addition, the Peltier effect can force the programming current down to 2.3 mA in the positive bias and up to 2.95 mA in the reverse bias (solid circles), respectively. The RESET programming current polarity in the simulation (2.3–2.95 mA) is close to that in the literature data (2.3–3.2 mA, hollow circles) [20], which confirms our simulation. Thomson heating in the mushroom cell is simulated as a contribution to 5% of the programming current reduction.


Figure 5. Cell resistance as a function the RESET current for a fixed pulse width of 100 ns with and without Peltier effect.
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The impact of isotropic scaling on thermoelectric effects is also addressed. The cell size-scaling can result in the reduction of the RESET current and change the corresponding thermal profiles, so the impact of thermoelectric effects on the RESET operation is influenced, shown in Figure 6. The programming current reduction, compared with the results neglecting thermoelectric effects, represents the contributions of Thomson and Peltier heating to the RESET operation. The contribution of the Thomson effect basically keeps constant regardless of the size scaling (solid circles). However, the influence of the Peltier effect on programming current gradually weakens, resulting in the decrease of current reductions induced by thermoelectric effects. Given the cell size aggressive scaling trends, the effect of scaling on the thermoelectric effects requires further investigation for the design of PCM cells.


Figure 6. Impact of thermoelectric effects on the programming current for the RESET operation with the bottom electrode width (WBE) scaling from 250 nm to 50 nm, assuming isotropic downscaling.
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3.2. SET Operation


Reversible switching in the PCM cell is achieved by recrystallization of the amorphous GST material in the phase change layer. In common, the PCM cell in the RESET state, in which a portion of GST material near the GST–BE interface is in the amorphous state after a RESET operation, is utilized for the SET operation. Simulations for the PCM cell with the phase distributions in Figure 3b is biased on a 1.9 mA, 150 ns positive pulse for the SET operation. At the end of pulse, the temperature of the central part of the initially amorphous region exceeds the melting temperature of the GST material, and the cell temperature decreases from this inner region in an outwards direction, as plotted in Figure 7a. When the current pulse is removed, the whole cell begins to cool down. The central molten region cools into an amorphous state due to the large cooling rate comparable to that of the RESET operation, and the GST material close to the GST–BE interface experiences crystallization, as shown in Figure 7b. The crystalline high-conductive current path between the top and bottom electrodes determines the low-resistive state of the cell, which means the implement of SET operation.


Figure 7. (a) Temperature profiles of the cells at the end of the current pulse (1.9 mA, 150 ns), point “A” represents the position of the hot spot while point “B” is located at the center of the GST–BE interface; (b) corresponding phase distribution within the GST layer. Blue and red regions represent the amorphous and crystalline phase, respectively.
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Since the phase change dynamics in the case of the SET operation is rather complex as compared to the RESET operation, the temperature history within the PCM cell was simulated for further analysis. For example, in Figure 8a we compare the temporal evolution of the temperature at the position of the hot spot (A) and the center of the GST–BE interface (B), marked in Figure 7a. The temperature of whole cell increases rapidly at first and reaches the maximum at the end of the SET pulse. The heating/cooling rate is further calculated by the derivative of dT/dt from the temperature curve, as shown in Figure 8b. The heating rates of the two positions are both maximum at the beginning of the pulse, and drop quickly up to become flat, which always stay above 0.8 K/ns. The following cooling rate rapidly increases to its maximum value at the first several nanoseconds (3 ns), and subsequently drops down.


Figure 8. (a) Variations of the temperature and (b) heating/cooling rate at two different positions in the GST layer. A at the position of the hot spot in the GST layer and B at the center of the GST–BE interface which marked in Figure 7a, respectively.
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Since the simulated crystallization kinetics in the PCM cell is quite different from that based on the isothermal annealing process, the heating rate in the SET process should be considered, and its effects on crystallization start temperature (Tc) were also studied by other groups [21,22]. On the basis of these results, Choi et al. [21] gave an empirical relation between Tc (°C) and heating rate (α, °C/min) as below
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(3)







According to the heating rate above, the calculated crystallization start temperature exceeds 1600 K, far beyond the temperature reached in the GST layer, shown in Figure 8a. It indicates that crystallization is almost prohibited during the heating process because of the relatively high Tc caused by the excessive heating rate. That is contradictory to our simulation results in Figure 7b, where crystallization occurs at the GST material adjacent to the GST–BE interface. Therefore, we believe that crystallization most likely occurs during the cooling process.



The cooling process in the GST layer was studied in detail, and the temperature variation between the A and B points is plotted in Figure 9. Because of the asymmetry of the cell structure, the central part can reach higher temperature, and then cools down more rapidly. It is well known that crystallization temperature and crystallization time determine the formation of small crystalline nuclei of critical size and their subsequent growth, respectively. During the cooling stage, the crystallization proceeds as the temperature drops from melting temperature (Tm) to crystallization temperature (Tc), shown as the dotted line in Figure 9. Compared with the final phase distribution in Figure 7b, only the GST material at the center of the GST–BE interface has a long crystallization time, leading to complete crystallization together with grain growth. For the annular-like temperature distribution in the GST layer, there is an annular crystalline region formed in the PCM cell. The inner part has insufficient time for grain growth, and the GST material in the outer part does not crystallize due to insufficient heating. Hence, the phase change dynamics in the case of the SET operation are more rigorous to the temperature than that of the RESET operation; the GST material near the GST–BE interface requires a high enough temperature and a proper cooling rate for complete crystallization.


Figure 9. Temperature variation between the A and B points in the cooling stage, the arrow indicates the five points from A to B in Figure 7a.
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The impact of thermoelectric effects on the SET operation is now discussed in this paper. Figure 10a shows the temperature profiles of the cells at the end of the SET pulse with and without thermoelectric effects. Similarly, under the positive current polarity, the thermoelectric effects improve the heating efficiency to bring the GST materials up to a higher temperature with the same current pulse. Because of releasing thermal energy at the GST–BE interface, the Peltier effect expands the temperature distribution vertically, which results in a vertically broader high-conductive current path formation and then contacts the top and bottom electrodes more easily, as shown in Figure 10b. Therefore, the contribution of Peltier heat to the programming current reduction (17%) is larger than that of Thomson heat (11%) with the same pulse width of 150 ns.


Figure 10. (a) Temperature profiles of the cells at the end of the current pulse (1.5 mA, 150 ns) with and without thermoelectric effects; (b) corresponding phase distribution within the GST layer. Blue and red regions represent the amorphous and crystalline phase, respectively.
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4. Conclusions


This paper studies the temperature profiles within mushroom PCM cells, using a three-dimensional finite element simulation model. On the basis of practical application objectives, the electrical, thermal, phase change, and percolation dynamics during the switching processes were simulated in turn using the finite difference method. The simulation results show that both RESET and SET operations are implemented by the melting and quenching of the GST material close to the GST–BE interface, mainly depending on the cooling rate. A higher efficiency of PCM cells can be achieved by virtue of thermoelectric heating with positive current polarity. In terms of the simulated geometry and materials in this article, the Peltier effect is more powerful and occurs at a more critical location, while its influence on programming current gradually weakens with the cell size scaling, resulting in a decreased contribution of total thermoelectric effects. These results provide physical insights into switching operations and thermoelectric effects in PCM cells, which is necessary for effective cell engineering. The cell geometry and material properties can strongly influence the temperature profiles and the programming currents, and the thermoelectric effects are closely related to the temperature and the temperature gradients. Further researches are needed for the development of PCM cells with a higher thermal efficiency focused on the utilization of thermoelectric effects related to different geometry and materials.
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