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Abstract 

Phase change memory (PCM) with having  high signal to noise ratio, GHz scale write, low power consumption and 

read rates, scalability, long term reliability are being considered one of the candidates for future data storage 

technologies. However, without understanding the behavior of thermoelectric heat transport effect with Peltier effect, 

constructing a 3D finite element modeling is not completed to visualize the complex nature of phase switching 

dynamics of a phase change material of a PCM device, especially for square like heater electrode causing 

heterogeneous phase distribution. With this study, I report the investigation of thermoelectric heat transport adding 

Peltier effect for nanoscale square contact electrode phase change memory device. Therefore, I constructed a 3D 

finite element modelling by using multiphysics approach to cover electrical, thermal, phase change kinetics, 

percolation effect and especially thermoelectric effect with Thomson and Peltier effect. With square heater electrode, 

anisotropic heating profile was obtained for the cases of with thermoelectric heat transport and without 

thermoelectric heat transport. Normally, square like heater electrode PCM devices has a middle resistance level due 

to mixture phase of crystalline and amorphous phase. However, in this study, depending on thermoelectric effect, an 

abrupt switching was observed in without case, although in the thermoelectric heat transport case a stable middle 

resistance level was obtained. Therefore, this is an evidence of importance of thermoelectric heat transport effect to 

construct a correct 3D finite element model of a nanoscale square like heater electrode PCM device. This model 

successfully foresees the necessity of thermoelectric effect to design a PCM device leading to ultra-high density data 

storage applications.. 

Keywords: phase change dynamics, thermoelectric heat transport, peltier effect, 3d finite element modelling, middle 

resistance level 

 

Introduction 

Phase change memory (PCM) with having high signal to noise ratio, GHz scale write, low power 

consumption and read rates, scalability, long term reliability are being considered one of the candidates for 

future data storage technologies [1-5]. Beside all these their extraordinary properties, having high contrast 

between 0 and 1 logic states possesses a possibility to create multiple logic levels in a single bit PCM device. 

As a phase change material, Ge2Sb2Te5 (GST) has been widely used in PCM technologies due to their 

exceptional electrical, thermal and optical properties [2, 6-9]. Especially, one of the reason of selection GST 

as a based material in PCM device is the large contrast between crystalline and amorphous phase. This 

makes GST a potential material to fabricate multiple-bit-per-cell device with a mixture phase of crystalline 

and amorphous phase leading to a stable intermediate state. In literature, there are many methods like, doping 

materials [10-12], constructing multilayer stack to create an intermediate state [13-14] and so on, however 

there is also another method to create intermediate state by modification of the site geometry of heater 

electrode [15].  Although having different kind of methods for intermediate state, to understand switching 

dynamics of phase change material, 3D simulation is one of the most efficient method to visualize the 

behavior of the device during switching. However, due to increasing the temperature in the device above 900 

– 1000 K, thermoelectric heat transport (THT) effect must be considered [16-19]. THT effect known as 

Thomson and Peltier effect should be taken into account for finite element modeling [15, 17, 20, 21]. In this 

study ,the aim is to show the effect of THT, especially with adding Peltier effect in nanoscale square heater 

electrode PCM device having inhomogeneous phase distribution due to current crowding by site geometry of 

electrode.  For this reason, 3D finite element modeling was constructed to observe heterogonous current 
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distribution and the effect of THT on switching dynamics of PCM device. Also, THT effect on stabilizing 

intermediate state is investigated with this simulation to design a multiple data storage media.   

Materials and Methods 

Device geometry and Boundary Conditions  

50 nm thickness phase change active layer (Ge2Sb2Te5) is sandwiched between 150 m thick WTi top contact 

electrode and 30 nm bottom TiN heater metal electrode (see Figure 1). Below the TiN heater electrode there 

is another 150 nm WTi electrode. Above of WTi top electrode, 250 nm Au layer is used for to take good 

contact and SiO2 is used to isolate the device from the environment, especially to isolate heater TiN bottom 

electrode. 

 

Figure 1. General phase change memory cell structure: 20 nm square TiN bottom electrode. On top of the 

WTi top electrode, an Au acts as the contact electrode for device, and SiO2 is used as isolation. 

For boundary condition for the simulation, both electrical and thermal boundary conditions are set for all side 

boundaries as the Dirichlet boundary condition ( ∆𝑦 + 𝑦 = 0) and for interface surfaces as Neumann 

boundary condition (∆2𝑦 + 𝑦 = 0). Here Neumann boundary condition refers continues and therefore it is 

applied for interfaces between PCM- TiN and PCM – WTi. For top and bottom surface, thermal condition is 

set as 300 K.   

Finite Element Model 

In a phase change memory cell simulation, electrical and thermal including especially thermoelectric effect 

and phase change dynamics should be considered to cover the complete behavior of phase change material 

during phase switching (in this simulation Ge2Sb2Te5 (GST) is used as phase change material) . For this 

reason, I constructed a 3D finite element simulations to see the heater electrode shape effect on material 

phase change in case of with or without THT (Thomson and Peltier effect), as well as the importance of 

heater electrode shape in stabilizing the middle resistance level. To oversee the whole dynamics of GST 

during set operation, simulation was constructed with submodels covering electrical, thermal and kinetics as 

well as to account for the relation between electrode shape and thermoelectric effects on phase switching 

from crystalline to amorphous phase.  Normally, the complex nature of phase change requires well defined 

simulation model because of being sensitive for temperature distribution, applied voltage and defect density.  

Beside all of them, changing the heater shape from circular to square makes the system more complex due to 

inhomogeneous current distribution causing heterogenetic crystallite change during phase change in material. 

(For more detail in Cinar 2015)  In the simulation, adaptive meshing is used for 2x2x2 nm3 to obtain more 

sensitive the results seeing a whole picture of the phase change. Electrical submodel, solving Laplace 

equation to see potential distribution depending on temperature, phase and electrical conductivity, to solve 

heat diffusion equation to obtain the joule heating including THT, thermal submodel, and phase change 

submodel to obtain temperature dependent switching kinetics, were constructed in a multiphysics approach 

including nonlinear interactions between submodels. [15, 22-25]  
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Table 1. Parameters used in simulation; thermal and electrical conductivities, Seebeck coefficient, as well as 

heat capacity values at room temperature for the materials used [22-29]  

Column Header Goes 

Here 

Electrical  

Conductivity 

(S/m) 

Thermal  

Conductivity  

(W/m.K) 

Heat 

Capacity  

(J/kg.K) 

Seebeck 

Coefficient  

(µV/K) 

GST(Amorphous) 3 0.3 202 380 

GST(Crystalline) 2770 0.7 202 47 

Au 45.17 x 10^4 318 128 1.5 

WTi 2.38 x 10^4 100 320 3.5 

TiN 3.3 X 10^6 112 790 18 

When an external voltage is applied to the PCM device, the first thing to be solved is Laplace 

equation,∇.[𝜎∇𝐹] =0 iteratively (with 5 ps time steps) for all mesh elements in electrical model. Here F is the 

spatial electrical potential distribution F(x,y,z), and σ is the electrical conductivity of the material. For 

crystalline and amorphous phases, electrical conductivity σ is 2770 S/m and 3 S/m, respectively [22]. 

However, it is important that in the simulation, σ has temperature and phase dependence and it changes 

during simulation running for each mesh element in every point and time. Therefore, there is an iterative 

solution in the simulation for all submodels.    

In thermal model, with applied voltage, there is a current flow through the device causing joule heating (𝑄 = 

(𝐽𝐴) 2𝑅∆𝑡) and heat diffusion equation should be solved iteratively to obtain temperature distribution 

T(x,y,z).   Here, A, Δt, J, R are cross-sectional area, simulation time step, electrical current density and the 

resistance value of the material, respectively.  

∇. 𝐽 = −∇. (𝜎(∇𝑉 + 𝑆∇𝑇)) = 0     (1) 

d𝐶𝑝
𝑑𝑇

𝑑𝑡
− ∇. (𝜅∇𝑇) = 𝑄 + 𝑄𝑡ℎ     (2) 

Where C is the heat capacity, j is the thermal conductivity. 𝑄𝑡ℎ  = −𝑇𝐽∇𝑆 accounts for the contribution of 

thermoelectric heat transport parameter, where S temperature dependence Seebeck coefficient and          ∇𝑆 = 

𝑑𝑆 𝑑𝑡 ∇𝑇 [15, 25].  Normally, heat diffusion equation includes Thomson effect and to avoid collapse of the 

modelling, Peltier effect was added into the simulation as a second heat source [18].  

𝑄𝑇ℎ𝑜𝑚𝑠𝑜𝑛 = −𝑇𝐽. ∇S     (3)  

𝑄𝑃𝑒𝑖𝑡𝑖𝑒𝑟 = −𝐽. ∇π = −J. ∆(S. T)     (4)  

At room temperature, for crystalline phase, thermal conductivity κ and Seebeck coefficient S value for GST 

material used in the simulation are 0.7 W/(Km) and 47 µV/K and, for amorphous phase, thermal 

conductivity κ and Seebeck coefficient S value are 0.3 W/(K m); 380 µV/K, respectively [15, 23, 25]. Beside 

the thermal conductivity κ and Seebeck coefficient, heat capacity for both phases is considers as a constant, 

202 J/(kg K), for T<800 K.  Also latent heat is taken into account in the calculations as a smooth Gaussian 

near the melting point (Tm=892 K).  

Switching Dynamics 

From the equations, it is easy to see that all parameters are temperature dependence. Therefore, phase change 

and final situation can be determined by temperature distribution. Switching dynamics includes phase change 

depending on the parameters and it follows forming crystalline nuclei and then its growth. However, there is 

an important point that due to heater electrode shape, there is heterogeneous phase configuration in the 

device. To obtain the probability rate for the crystallization process, phase change equation (5) should be 

solved. Forming nuclei and growth velocity of the nuclei, Vg,  

𝑑𝑃 𝑑𝑡 = 𝐼𝑛 (𝑇) 1−𝑃 𝑁 + (𝑇) 1−𝑃 𝑎0    (5) 
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Here (𝑇) and 𝑉𝑔(𝑇) are nucleation and growth rates, P is the probability of crystallization, N the number of 

molecules per unit volume, and a0 is the atomic jump distance. (More detail in Cinar 2015) 

Bruggeman effective medium approximation (EMA) is effective method to define physical properties of 

material, especially in crystal-amorphous phase mixture [30]. It can be easily determined electrical and 

thermal conductivity for each mesh element in the device. 

(𝑓, 𝜎𝑎, 𝜎𝑐 ) = 0.25 {(2𝜎𝑝 − 𝜎 ′ 𝑝) + (2𝜎𝑝 − 𝜎 ′ 𝑝) 2 + (8 𝜎𝑎.  ) 1/2 }  (6) 

Here, f is the crystallization fraction. 𝜎𝑎 and 𝜎𝑐 are the electrical conductivity for amorphous and crystalline 

phases, respectively. With this formula, adding crystallization fraction into the simulation, the whole 

simulation is completed to observe the dynamics of phase change of the GST material during switching by 

connecting all submodel together.  

Results and Discussion 

First thing to do in the simulation is to find exact programming currents for set operation in case of with and 

without THT (Thomson and Peltier effects). Therefore from 0.5 V to 1 V external voltage was applied to the 

device for both cases and resistance versus voltage graphs were obtained.  It is interesting that, from my 

previous studies, it is well known that square heater electrode possesses heterogonous temperature 

distribution due to the hot spots in the phase change material and this leads to inhomogeneous phase 

distribution which is actually mixture phase of crystalline and amorphous phase. However the obtained R-V 

graph is not expected for the without THT.  

 

Figure 2. Resistance versus voltage is plotted in the cases of with or without THT for square heater 

electrode. The applied voltage pulse amplitude is changed from 0.8 V to 1 V with 100 ns pulse width and 

25ns trailing edge. Inset is the applied voltage pulse with amplitude of 0.92 V, 100 ns pulse width and 25 ns 

trailing edge. 

From the Figure 2, it is easily to see that for with THT, there is a stable middle resistance state occurring, but 

for without THT there is an abrupt switching from crystalline to amorphous state. Around 0.92 V for with 

THT, there is a middle resistance level with 72 kΩ. For crystalline state the resistance value is 6.8 kΩ. And 

the amorphous state resistance is 1.7 MΩ. There is roughly 1/10 ratio between crystalline and middle 

resistance level and roughly 1/24 ratio between middle and amorphous resistance level. To understand this 

results, temperature and phase change dynamics should be investigated.   
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An applied voltage pulse amplitude of 0.92 V, with 100 ns pulse width and 25 ns trailing edge was applied to 

the device for both cases of with and without THT and from the simulation, obtained temperature 

distribution inside the device for square heater electrode is illustrated in Figure 3 with a color map of local 

temperature. The behavior of temperature distribution for both cases are similar, however the maximum 

temperatures are different due to THT effect. Although the all parameters in both simulations are the same. 

From the Figure 3 c) and d) temperature distribution from the taken vertical slice at z=2 nm above the 

interface between TiN and GST has some hot spots originating from the shape effect of heater electrode 

caused by heterogeneous current flow because of sharp corner. In both cases, there are also hots spots with 

different maximum temperature. For with THT, the obtained maximum temperature is 953.92 K at t=70 ns 

(which is the time observing max temperature) and for without THT, maximum temperature is 942.65 K. 

The temperature difference very important, because the main parameter to determine the phase change of the 

GST is heating profile inside device. That means that with different temperature value, different phase 

change is obtained. 

 

Figure 3. A three dimensional illustration of temperature distribution at t=70 ns is plotted for different 

vertical and horizontal slices. a), b) and c) are for with THT, d), e) and f) are for without THT. a)–b) 

horizontal slice from the center of the device and  c)–d) vertical slices at z=2 nm value, e)-f) horizontal slices 

for whole PCM layer. Illustration represent the temperature distribution inside PCM layer during an applied 

voltage pulse amplitude of 0.92 V, with 100 ns pulse width and 25 ns trailing edge. 

Initially, the phase change material is in crystalline phase and set operation is applied to the device to make 

switching from crystalline to amorphous phase. For a voltage pulse amplitude of 0.92 V, with 200 ns pulse 

width and 25 ns trailing edge, phase distribution is given in Figure 4. Images were taken from the central 

horizontal slice and color map of crystallization fraction is given for both cases in different time values. 

However, the interesting thing is that both cases start similar behavior, but after a certain time value, 

behaviors change because of THT effect. There is a sudden difference in without case at 147 ns. Normally, it 

looks like a mixture phase of amorphous and crystalline phase, and at 250 ns time value, Figure 4 i) and j) 

are the color phase distribution for both cases. As you can see from these images, but due to percolation there 

is a current flow passing though the device for without THT. Therefore, the resistance of the middle state of 

the with THT (R ≈ 72 kΩ) is much more than without THT’s resistance state (R ≈ 8.3 kΩ) for a voltage pulse 

amplitude of 0.92 V, with 100 ns pulse width and 25 ns trailing edge. For this reason, to see the effect of 

THT effect, a point was taken into the device to observe the temperature change at this point. Figure 5 shows 

the temperature change in time for a given point with applying a voltage pulse amplitude of 0.92 V, with 100 

ns pulse width and 25 ns trailing edge. 
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Figure 4. Phase distribution of the device for an applied voltage pulse amplitude of 0.92 V, with 100 ns 

pulse width and 25 ns trailing edge is given by images taken from horizontal slices at different time. In 

different time range, the device phase changes were illustrated for both with and without THT cases. 

Crystallization fraction, f, is given with a color map. The color scale of crystallization fraction f=1 and f=0 

corresponds red for crystalline and blue for amorphous phase respectively.  Figure 4 a), c), e), g) and i) 

images are for without THT and Figure 4 b), d), f), h) and j) images are for without THT. Figure 4 i) and j) 

are vertical slices taking from z=2 nm above the interface between TiN and GST. 

In Figure 5 a), we can see the temperature change with time, but there is an unexpected behavior for with 

THT. With phase change, there is a temperature decrease and stabilizing phase. There is other increasing 

occurs. These two behaviors are well known due to switching, because changing phase affects the 

temperature change. However, at with THT, there is a sudden increase then temperature decrease similar to 

without THT. The reason behind this phenomena is the effect of THT. Because of hot spots around the phase 

change region, there is a current flow causing the temperature gradient and this effect can observe especially 

in short distance. Therefore for a given P point (z = 10 nm above the interface between TiN and GST layer), 

we observe this kind of an increase then decrease in cooling time. Figure 5 b) is the illustration of percolation 

path for current flow. Even though there is a phase change occurring at active region, if enough small path 

for current flow passing is enough for losing switching. Therefore to see the exact switching from crystalline 

to amorphous phase we need to obtain resistance change with voltage.    
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Figure 5. Temperature change for a given P point the device. a) Temperature change b) percolation path    

c) Point P (z = 10 nm above the interface between TiN and GST layer) in the device.  

Conclusion 

As a conclusion, to oversee the whole behavior of phase change switching of a PCM device, it is necessary 

to take into account for the THT (not only Thomson, but also Peltier effect) in the simulation, especially for 

heater electrode having heterogeneous heating profile. From the previous studies, square heater electrode 

causes inhomogeneous temperature distribution leading to middle resistance state between crystalline and 

amorphous state and with THT effect with Peltier effect the behavior of PCM device can be constructed 

correctly. Because, Peltier effect essentially should be considered around the interface and it has short 

distance effect, but for a small device and hot spots, Peltier effect must be included into the simulation due to 

closing the active region to interface. The whole THT effect has short range effect and it is not easy to see in 

bigger heater electrode device this effect. Modification of the simulation according to THT effect is essential 

in small square heater electrode PCM device. This helps us totally to visualize the nature switching dynamics 

of phase change material.  
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