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Abstract—The scaling potential of patterned probe phase-

change memory (PP-PCM) cells is investigated, down to single-

nanometer dimensions, using physically realistic simulations that 

combine electro-thermal modelling with a Gillespie Cellular 

Automata (GCA) phase-change model.  For this study, a trilayer 

TiN/Ge2Sb2Te5/TiN cell structure (isolated by a SiO2 insulator) 

was preferred, due to its good performance and practicability, 

over previously investigated probe-based structures such as those 

that used diamond-like carbon capping layers or immersion in an 

inert liquid to protect the phase-change layer (while still allowing 

for electrical contact). We found that PP-PCM cells with 

dimensions as small as 5 nm could be successfully amorphized 

and re-crystallized (RESET and SET) using moderate voltage 

pulses.  The resistance window between the RESET/SET states 

decreased with a reduction in cell dimensions, but it was still 

more than order of magnitude even for the smallest cells, 

predicting that PP-PCM cells are indeed scalable and operable in 

the sub-10 nm region.  Most importantly, it was found that the 

storage density could be increased by cell size scaling with 

storage densities as high as 10 Tb/in2 being achieved,  which is 

significantly higher than the storage densities previously reported 

in phase-change probe storage, and other probe-based 

technologies such as thermomechanical, magnetic and 

ferroelectric probe storage.   

 

Index Terms—GeSbTe, phase-change materials, 

scanning-probe memories, patterned probe phase-change 

memories, scaling, terabit-per-square-inch (Tb/in2) storage 

density. 

 

I. INTRODUCTION 

Non-volatile, random-access phase-change memories 

(PCMs), based on the reversible transitions of chalcogenide 

phase-change materials, such as Ge2Sb2Te5 (GST), between a 

high resistance amorphous state (binary ‘0’) and low 

resistance crystalline state (binary ‘1’), are one of the leading 

contenders to complement, or even replace, silicon-based 

memories in a number of technology areas, including the 

emerging sector of storage class memory (SCM) and 

established technologies such as DRAM, HDD and Flash [1].  
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This is attributed to their size scalability (sub-10 nm [2-4]), 

ultrahigh storage densities (Tb/in2 [5-7]), fast programming 

speeds (~ps [8]), and low programming currents (~μA [3-4]).  

Novel functionalities demonstrated by PCM-type devices, 

such as neuronal and synaptic mimics [9-11], arithmetic and 

logic processing [12-14], metadevices and all-photonic 

memories [15-16] and even the realization of non-volatile 

optoelectronic displays [17], have also highlighted the 

significance and potential of chalcogenide-based devices.  

 In electrical PCM, the switching of the phase-change 

material between the high-resistance amorphous (or RESET) 

state and the low-resistance crystalline (or SET) state is 

achieved using appropriate excitations i.e. appropriate voltage 

pulses.  In general, a higher-amplitude short-duration RESET 

pulse switches the PCM cell into the amorphous state, whereas 

a lower-amplitude longer-duration SET pulse switches it back 

to the crystalline state.  The state of the cell (binary 1 or 0) is 

then read out by sensing the resistance using a very low 

voltage read pulse which does not disturb the stored state.  

Patterned Probe PCM (PP-PCM) cells, in which small 

phase-change regions (isolated from each other by an 

electrical and thermal insulator) are electrically switched using 

a scanning probe, potentially provide an efficient approach to 

achieve ultrahigh storage densities by scaling the cell 

dimensions.  Although electrical switching in PP-PCM cells 

has been demonstrated on the micrometer scale [18], and more 

recently storage densities of up to 207 Gb/in2 have been 

reported using conical PP-PCM cells [19], it is yet to be 

determined whether PP-PCM cells can be scaled down to 

single-nanometer dimensions, and whether we can achieve 

ultrahigh (multi-Tb/in2) storage densities, higher than those 

previously reported for phase-change based probe-type storage  

(i.e. 1.5 Tb/in2 using electrical probes [7] and 3.3 Tb/in2 using 

thermal probe storage [6]). To address this omission, in this 

study we carry out detailed physically-realistic simulations of 

the performance of PP-PCM cells down to sub-10 nm 

dimensions using a sophisticated phase-change model, and 

investigate the effects of scaling on the achievable storage 

densities. 

II. METHODOLOGY 

A. Electro-thermal and Phase-change Model 

In order to understand the physical processes involved in 

the application of phase-change materials for electrical data 

storage, and to design and optimize future PCM devices, it is 

important to develop physically-realistic models by combining 
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electrical, thermal and phase-change models.  Our electrical 

and thermal models are implemented using finite-element 

software (COMSOLTM) and solve, simultaneously, the 

Laplace equation (1) and the heat-transfer equation (2), i.e. 

 

  𝛻. (𝜎. 𝛻𝑉) = 0                                      (1)  

 

           𝜌 𝐶𝑝
𝜕𝑇

𝜕𝑡
− 𝑘. 𝛻2𝑇 = 𝑄 = 𝜎|𝐸|2                    (2)                   

 

where V is the electric potential, E is the electric field, σ is the 

electrical conductivity, ∇ is the gradient operator, ρ is the 

density of the material, Cp is the specific heat capacity, Q is 

the heat source, and k is the thermal conductivity. These 

equations are solved for each time step (for any given 

electrical input voltage pulse) to yield the 3D (or pseudo-3D, 

i.e. 2D with cylindrical symmetry) temperature distribution 

throughout the PCM cell at each time step (with typical time 

steps being 1ns).  This temperature distribution drives, after 

each time step in the solution of (1) and (2), a phase-change 

model that determines the phase-state (crystalline or 

amorphous) everywhere throughout the PCM cell and feeds 

back (to the electro-thermal model) the relevant material 

parameters (i.e. those of the crystalline or amorphous states) 

for each point in the cell. Our phase-change model uses the 

Gillespie Cellular Automata (GCA) approach that combines 

thermodynamic features of rate equation-based methods with 

elements from probabilistic cellular automata models. Our 

GCA model has been described previously in detail (see [20]) 

and in summary considers a homogeneous, isotropic material 

in a square lattice of size 0.82 nm (equivalent to the diameter 

of a spherical monomer of GST material, as calculated from 

the density and molar weight of GST, see [21]) and in which 

each site can be either amorphous or crystalline. The state of 

each point (i,j) in the lattice is described by two quantities; rij , 

the phase of the (i,j) site (which takes the values 0 and 1 for 

amorphous and crystalline respectively), and ij , which 

defines an orientation (with two adjacent crystalline sites 

belonging to same crystallite (crystal grain) if they have the 

same orientation). The local changes that can occur are 

defined by three events: nucleation, where site (i,j) and an 

adjacent site, originally both amorphous, become a single 

crystallite; growth, where site (i,j), originally amorphous, 

becomes attached to an adjacent crystal; dissociation, where 

site (i,j), originally crystalline, detaches from the crystal of 

which it is a part to become amorphous. The rate at which 

each of these three events occurs is determined by the system 

energy, which is usually described in terms of the Gibbs free 

energy G, where G = (AS–Vg) and A and V are the surface 

area and volume respectively of a crystal cluster, S is the 

surface energy and g the bulk free energy difference between 

phases. The bulk energy difference term g is considered to be 

purely temperature dependent (for example as g(T)= Hf 

(7T/Tm)[(Tm-T)/(Tm+6T)] where Hf  is the enthalpy of fusion 

and Tm is the melting point) [21].  

B. Simulations of PP-PCM Cell Structure 

We begin by simulating the RESET and SET processes in a 

cell structure consisting of a 50 nm /50 nm (TH/Wc) GST 

region (isolated by a 20 nm wide SiO2 partition) sandwiched 

between 10 nm thick TiN top and bottom electrodes, as shown 

in Fig. 1 (with the material parameters used in our simulations 

shown in Table 1).  In our simulations the PP-PCM cell is 

embedded into a virtual test bench consisting of an electrical 

pulse source and a series load resistance of 10 kΩ.  A Pt C-

AFM probe with a 5 nm radius is used to make electrical 

contact with the TiN top electrode, and trapezoidal RESET 

and SET voltage pulses of various amplitudes (1 – 2 V) and 

durations (40-100 ns) are applied to the top of the C-AFM 

probe, whilst the boundary of the Si substrate is maintained at 

ground potential (as shown previously in [5, 7]).  To avoid 

interference between neighboring cells, the top TiN electrode 

is patterned to cover the GST layer only (as proposed in [18]). 

C. Geometrical Scaling & Storage Density Calculations 

After demonstrating electrical switching in the 50 nm GST 

cell, geometrical scaling is performed by reducing the GST 

TH and Wc dimensions simultaneously down to dimensions as 

small as 5 nm using a constant scaling factor of 1 (for 

simplicity).  The storage density is then calculated using ρ = 

1/Pint
2, where Pint is the center-to-center distance between 

neighboring cells aligned in a checkerboard pattern (see 

Figure 1). 

 

   

Figure 1. TiN/GST/TiN PP-PCM cell schematic (left) showing one half of the 

unit cell.  Array of PP-PCM cells aligned in a checkerboard pattern (right). 

 

 

 

 

 

 

 

 

Table 1. Material parameters used in our simulations 

 

TH =

50nm

TiN

TiN

Si substrate

Pt 

tip

GST SiO2

Wc = 50nm 10nm

Element Therm.Cond.      

(W/mK) 

Heat Cap. 

(J/m3K) 

Elec. Cond. 

(Ωm)-1 

GST (am.) 0.2 1.25 x 106 See [5] 

GST (cr.) 0.5 1.25 x 106 See [5] 

TiN 19 2.16 x 106 5 x 106 

Pt  71.6 2.8 x 106 0.94 x 107 

SiO2 1.4 3.1 x 106 1 x 10-16 

Si 149 1.65 x 106 100 
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III. RESULTS AND DISCUSSION 

A. Choice of PP-PCM Cell Structure  

A typical PP-PCM cell structure consists of a scanning probe 

and a storage media stack consisting of phase-change regions 

sandwiched between a capping and under layer, and isolated 

by insulator regions, which are deposited on a Si substrate.  

The choice of capping layer is crucial as it not only protects 

the active phase-change region from oxidation and wear, but 

also provides a conductive path for the current required for 

electrical switching, and consequently has a strong influence 

on the resulting temperature distributions inside the active 

region [5, 7].   

TiN is a well-known electrode material and has previously 

been used in GST-based patterned PCM cells to demonstrate 

electrical switching [18, 19].  Amorphous to crystalline phase 

transitions in GST films as thin as 2 nm have also been 

reported in [2] using a trilayer TiN/GST/TiN structure.  TiN is 

well suited as a capping/electrode material mainly due to its 

suitable electrical and thermal conductivities, and high melting 

temperature (~3250 K).  In addition, good adhesion between 

GST and TiN has been observed at the atomic scale [22], and 

no evidence of a reaction between TiN and GST has been 

reported to date.  Therefore, in this study a TiN/GST/TiN 

structure is preferred over other reported probe-based 

structures such as (i) the use of a diamond-like carbon (DLC) 

capping layer [5, 7], and (ii) by immersing the sample in a 

fluorinert liquid [23]. 

B. Electrical Switching & Scaling Characteristics 

We start with a fully crystalline GST material (red in color 

in Fig, 2) and form amorphous bits (blue in color) with a 

minimum bit size of 2-10 nm [5] in the region under the C-

AFM tip.  For the 50 nm GST cell, a moderate 1.8 V, 40 ns 

RESET pulse forms a rounded amorphous bit (first phase 

diagram in Fig. 2) in the region where the GST melting 

temperature (~893 K) is exceeded.  The corresponding RESET 

temperature distribution inside the GST layer for the 50 nm 

cell is shown in Figure 3.  Following the completion of the 

RESET process, the amorphous bit is then re-crystallized 

using a 1.2 V, 100 ns SET pulse, a process initiated by crystal 

nuclei that appear in regions where high values of temperature 

and electric field are observed [24].  These nuclei then grow 

until the amorphous bit is fully re-crystallized, signifying the 

successful completion of the SET process.  

Figure 2 shows the RESET and corresponding SET phase 

diagrams as the GST dimensions are scaled from 50/50 nm 

down to 5/5 nm (again using RESET and SET voltage 

amplitudes of 1.8 and 1.2 V respectively).  As expected, since 

the top electrode width reduces with cell size, the amorphous 

bit also reduces in size as the cell dimensions are reduced. 

The number of crystallites formed during the re-

crystallization (SET) of the amorphous bits is shown in Figure 

4 (corresponding to the SET phase diagrams in Figure 2).  A 

nucleation-dominated behaviour is observed for larger cell 

dimensions, which is indicated by the high number of crystals 

formed to re-crystallize the amorphous bits.  However, a  

 
 

 
 
Figure 2. (top) Successful formation of amorphous bits (shown in blue) at the 

end of the RESET process as GST dimensions are scaled down in size (plots 

show one half of the GST layer and numbers at the top and side show the GST 

thickness, TH and width Wc (in nm)).  The shape of the amorphous bit 

changes from a rounded shape for larger GST dimensions to ellipsoidal for 

smaller dimensions (shown in inset).  (bottom) Re-crystallization (SET) of the 

amorphous bits.  The crystallization for the larger GST dimensions is 

nucleation-dominated (indicated by the large number of crystals formed) and 

is driven by ‘interfacial growth’ for the smaller GST dimensions (shown in 

inset). 

           
Figure 3. RESET temperature distribution inside the PP-PCM structure 

comprising of a 50/50nm GST region sandwiched between 10nm thick TiN 

top and bottom electrodes and a 20nm wide SiO2 insulator. 

 

 
Figure 4. Number of crystal nuclei formed during the SET process as a 

function of GST dimensions (corresponding to the SET phase diagrams shown 

in Figure 2).  A transition from nucleation-dominated to growth-dominated 

crystallization is observed as the GST dimensions are scaled to smaller sizes. 
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reduction in the number of crystal nuclei is observed for 

smaller dimensions, indicating a transition towards growth-

dominated behaviour. Indeed, for the smallest cells it can be 

observed that a crystallization process driven purely by 

‘interfacial growth’ from the crystalline-amorphous boundary 

occurs for GST dimensions of 10 nm and below (see inset of 

Figure 2), a phenomenon previously reported in pore-type 

PCM cells [25].    

The results shown in Figures 2, 3 and 4 show that it should, 

using reasonable voltages, be possible to successfully 

amorphize and re-crystallize PP-PCM cells down to single-

nanometer dimensions.  However, an important characteristic 

we have not considered thus far is the resistance window, i.e. 

the difference in resistance between the RESET and SET 

states.  The resistance window in PCM should be large enough 

to allow for reliable differentiation on readout between the 

amorphous and crystalline states in the presence of noise, cell-

to-cell variability etc.  We therefore plot in Figure 5 the 

variation of the cell resistance as a function of the GST cell 

dimensions.  Both SET and RESET resistances increase as 

cells shrink (driven mainly by geometric factors) and the 

resistance window is observed to decrease (as also seen in 

conventional PCM ‘mushroom’ type cells [4]).  Despite this 

reduction in the resistance window, at least an order of 

magnitude difference between the two states is observed even 

for the smallest dimensions predicting that PP-PCM cells are 

indeed scalable and operable in the sub-10 nm region. 

 

 
Figure 5. RESET and SET cell resistances as a function of GST dimensions. 

 

C. Storage Densities   

Finally we turn our attention to one of the main advantages 

of device scaling in PCM, i.e. as we reduce the cell 

dimensions the storage density should subsequently increase.  

The PP-PCM cell structure we have used thus far consists of a 

GST region (isolated by a SiO2 insulator) sandwiched between 

TiN top and bottom electrodes.  Using the storage density 

formula ρ = 1/Pint
2, this provides us with a storage density of 

0.13 Tb/in2 for a 50/50 nm GST region (with a 20 nm insulator 

width).  From Table 2, we can see that by scaling the GST 

dimensions down to 5/5 nm we can potentially increase the 

storage density up to 1.03 Tb/in2.  However, one aspect that 

has not been considered yet is the reduction of the insulator 

width, which should further increase the storage density 

significantly but which could lead to unwanted thermal cross-

talk. Thermal cross-talk is likely to be most deleterious during 

the RESET process (since the highest cell temperatures are 

reached in this case) and when the adjacent cell (to that being 

RESET) is in the amorphous phase (in which case thermal 

interference could lead to unwanted crystallization of the 

adjacent cell).  Thus, we applied a RESET pulse to the 

smallest of our PCM cells (i.e. the 5 nm cell) and calculated 

the temperature distribution in that cell and in adjacent cells, 

as the width of the SiO2 ‘spacer’ between cells was reduced. 

Results are shown in Figure 6, for the point (during the 

RESET pulse) at which the maximum temperature occurs in 

the cells. The maximum temperatures seen in the adjacent cell 

under these conditions are found to be 293 K, 376 K and 479 

K for SiO2 spacer widths of 20 nm, 3 nm and 1 nm 

respectively. Even in the case of the 1 nm spacer width, the 

maximum temperature in the adjacent cell of 479 K would not 

cause any significant crystallization on the short timescales 

(tens of nanoseconds) used for the RESET pulse (in previous 

work, for example, we showed that the crystallization time for 

GST in the 400-500 K temperature range is hundreds of 

microseconds [26]). Certainly with a 3 nm spacer width the 

thermal cross-talk to the adjacent GST cell is negligible (the 

cell would take days or even months to fully crystallize at a 

temperature of 376 K, see [21]).  Hence, using the storage 

density formula, a 5/5 nm GST region insulated by a 3 nm 

wide SiO2 spacer can provide us with a storage density as high 

as 10.08 Tb/in2 (as shown in Table 2).   

 
Figure 6. Electro-thermal simulations executed to determine the ultimate 

insulator width between GST cells before thermal interference (between cells) 

has any significant effect (see text).  The insulator width can be reduced from 

20nm (top) down to 3nm (bottom left) with very little thermal interference 

during a RESET pulse. Even in the case of an insulator width of 1nm (bottom 

right), thermal interference to the neighboring cell causes its temperature to 

increase only to 479 K. 

 

  These findings are extremely encouraging as they show that 

storage densities significantly higher than those reported in 

PCM electrical probe storage (1.5 Tb/in2 using GST films [7] 

and 207 Gb/in2 using PP-PCM cells [19]), can potentially be 

achieved.  In fact, the storage density reported in this study 

significantly exceeds the highest storage density reported to 

date in PCM, i.e. 3.3 Tb/in2 reported using thermal probe 

storage [6].  We do note however that the cylindrical 
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symmetry approximation inherent in our electro-thermal and 

phase-change simulations presents an effective lower bound 

(best-case estimate) of the scaling potential, since any 

variation in cylindrical symmetry (induced say by probe offset 

from the cell center) could lead to increased thermal 

interference between adjacent cells. 

  It will now be interesting to see how the storage density 

achieved in our study compares to those reported in other 

technologies, such as thermomechanical, ferroelectric and 

magnetic probe storage.  For this we present a comparison 

chart in Figure 7, which shows that the storage density 

reported here is significantly higher than the highest storage 

densities of 60 Gb/in2 reported in magnetic probe storage, and 

4 Tb/in2 reported in thermomechanical and ferroelectric probe 

storage [27].  Our physically-realistic simulations show 

therefore that PP-PCM cells can indeed deliver excellent 

scalability down to single nanometer dimensions and, in doing 

so, ultrahigh (multi-Tb/in2) storage densities can indeed be 

achieved using such a cell architecture. 

 

GST Size, TH/Wc  (nm) Storage Density 

50/50 (with 20nm wide SiO2) 0.13 Tb / in2 

40/40 (with 20nm wide SiO2) 0.17 Tb / in2 

30/30 (with 20nm wide SiO2) 0.26 Tb / in2 

20/20 (with 20nm wide SiO2) 0.40 Tb / in2 

10/10 (with 20nm wide SiO2) 0.72 Tb / in2 

5/5 (with 20nm wide SiO2) 1.03 Tb / in2 

5/5 (with 10nm wide SiO2) 2.86 Tb / in2 

5/5 (with 3nm wide SiO2) 10.08 Tb / in2 

 
Table 2. Storage densities as the PP-PCM cell dimensions are scaled down to 

single-nanometer dimensions 

 

Figure 7. 10 Tb/in2 storage density achieved in this work (green bar) 

compared to other reported densities achieved in PCM (~1.5-3 Tb/in2} and 

other probe-based technologies such as thermomechanical (4 Tb/in2), 

ferroelectric (4 Tb/in2) and magnetic (60 Gb/in2) storage (adapted from [26]). 

IV. CONCLUSIONS 

We have investigated, using a physically-realistic 

simulation approach, the scalability of probe-based PCM, 

specifically patterned probe PCM (PP-PCM) devices.  A 

trilayer cell structure consisting of the active phase-change 

regions sandwiched between TiN top and bottom electrodes 

and isolated by an SiO2 insulator was most practicable and 

scalable when compared to other probe-based structures such 

as (1) the use of a diamond-like carbon capping layer, and (2) 

by immersing the sample in a fluorinert liquid.  We found that 

PP-PCM cells could be scaled down to sub-10 nm dimensions 

using a systematic and simplistic scaling approach, and in 

doing so amorphous bits could be successfully written. Such 

amorphous bits were then successfully re-crystallized with the 

crystallization process determined to be nucleation-dominated 

for larger cells and growth-dominated as cell dimensions were 

reduced.  The resistance window between the RESET and 

SET states decreased as the cell dimensions were reduced, but 

it was still more than order of magnitude even for the smallest 

(sub-10 nm) cells.  Perhaps most importantly we found that 

the storage densities could be increased with cell size 

reduction and storage densities as high as 10 Tb/in2 could 

potentially be achieved for the smallest cells.  This storage 

density was found to be significantly higher than those 

previously reported in PCM, and other probe storage 

technologies such as thermomechanical, magnetic and 

ferroelectric probe storage.  

 

ACKNOWLEDGMENTS 

Hasan Hayat would like to thank the College of Engineering, 

Mathematics and Physical Sciences at the University of Exeter 

for PhD studentship funding while carrying out this work. C. 

David Wright would like to thank the EPSRC for funding via 

grant EP/M015130/1. 

 

REFERENCES 

[1] Burr, G. W., Brightsky, M. J., Sebastian A., Cheng, H-Y., Wu, J-Y., 
Kim, S., Sosa, N. E., Papandreou, N., Lung, H-S., Pozidis, H., 

Eleftheriou, E. and Lam, C. H., 2016. Recent Progress in Phase-Change 

Memory Technology. IEEE J. Emerg. Sel. Top. Circuits Syst., 6, 2, 
2016. 

[2] Simpson, R.E., Krbal, M., Fons, P., Kolobov, A.V., Tominaga, J., 

Uruga, T. and Tanida, H. Toward the ultimate limit of phase-change in 

Ge2Sb2Te5. Nano letters, 10(2), pp.414-419, 2009. 

[3] Xiong, F., Liao, A.D., Estrada, D. and Pop, E. Low-power switching of 

phase-change materials with carbon nanotube 
electrodes. Science, 332(6029), pp.568-570, 2011. 

[4] Hayat, H., Kohary, K. and Wright, C.D. Can conventional phase-change 

memory devices be scaled down to single-nanometre 
dimensions?, Nanotechnology, 28 (3), pp. 035202, 2016. 

[5] Wright, C.D., Armand, M. and Aziz, M.M. Terabit-per-square-inch data 

storage using phase-change media and scanning electrical 
nanoprobes. IEEE Transactions on Nanotechnology, 5(1), pp.50-61, 

2006. 

[6] Hamann, H.F., O'Boyle, M., Martin, Y.C., Rooks, M. and 
Wickramasinghe, H.K.. Ultra-high-density phase-change storage and 

memory. Nature Materials, 5(5), pp.383-387, 2006. 

[7] Wright, C.D., Wang, L., Shah, P., Aziz, M.M., Varesi, E., Bez, R., 
Moroni, M. and Cazzaniga, F. The design of rewritable ultrahigh density 

0

1

2

3

4

5

6

7

8

9

10

11

S
to

ra
g

e
 D

e
n

s
it

y
 (

 T
b

 / 
in

2
) Probe Storage Technologies



 6 

scanning-probe phase-change memories. IEEE Transactions on 

Nanotechnology, 10(4), pp.900-912, 2011. 
[8] Loke, D., Lee, T.H., Wang, W.J., Shi, L.P., Zhao, R., Yeo, Y.C., Chong, 

T.C. and Elliott, S.R. Breaking the speed limits of phase-change 

memory. Science, 336(6088), pp.1566-1569, 2012. 
[9] Kuzum, D., Jeyasingh, R.G., Lee, B. and Wong, H.S.P. Nanoelectronic 

programmable synapses based on phase-change materials for brain-

inspired computing. Nano Letters, 12(5), pp.2179-2186, 2011. 
[10] Pantazi, A., Wozniak, S., Tuma, T. and Eleftheriou, E. All-memristive 

neuromorphic computing with level-tuned neurons. Nanotechnology, 

27(35), p.355205, 2016. 
[11] Tuma, T., Pantazi, A., Le Gallo, M., Sebastian, A. and Eleftheriou, E. 

Stochastic phase-change neurons. Nature Nanotechnology,11, 693-699, 

2016. 
[12] Wright, C.D., Liu, Y., Kohary, K.I., Aziz, M.M. and Hicken, R.J. 

Arithmetic and Biologically-Inspired Computing Using Phase-Change 

Materials. Advanced Materials, 23(30), pp.3408-3413, 2011. 
[13] Wright, C.D., Hosseini, P. and Diosdado, J.A.V. Beyond von-Neumann 

Computing with Nanoscale Phase-Change Memory Devices. Advanced 

Functional Materials, 23(18), pp.2248-2254, 2013. 
[14] Cassinerio, M., Ciocchini, N. and Ielmini, D. Logic computation in 

phase-change materials by threshold and memory switching. Advanced 

Materials, 25(41), pp.5975-5980, 2013. 
[15] Ríos, C., Stegmaier, M., Hosseini, P., Wang, D., Scherer, T., Wright, 

C.D., Bhaskaran, H. And Pernice, W.H. Integrated all-photonic non-

volatile multi-level memory. Nature Photonics, 9(11), pp.725-732, 2015. 
[16] Carrillo, S.G.C., Nash, G.R., Hayat, H., Cryan, M.J., Klemm, M., 

Bhaskaran, H. and Wright, C.D. Design of practicable phase-change 
metadevices for near-infrared absorber and modulator 

applications. Optics Express, 24(12), pp.13563-13573, 2016. 

[17] Hosseini, P., Wright, C.D. and Bhaskaran, H. An optoelectronic 
framework enabled by low dimensional phase-change films. Nature, 

511(7508), pp.206-211, 2014. 

[18] Kim, H.J., Choi, S.K., Kang, S.H. and Oh, K.H. Structural phase 
transitions of Ge2Sb2Te5 cells with TiN electrodes using a homemade W 

heater tip. Applied Physics Letters, 90(8), p.083103, 2007. 

[19] Yoon, J.M, Jeong, H.Y, Hong, S.H, Moon, H.S, Han, J.H, Kim, Y.I, 
Kim, Y.T, Kim, S.O and Lee, J.Y. Large-area, scalable fabrication of 

conical TiN/GST/TiN nanoarray for low-power phase-change 

memory. Journal of Materials Chemistry, 22(4), pp.1347-1351, 2012. 

[20] Ashwin, P., Patnaik, B.S.V. and Wright, C.D. Fast simulation of phase-

change processes in chalcogenide alloys using a Gillespie-type cellular 

automata approach. Journal of Applied Physics, 104(8), p.084901, 2008. 
[21] Senkader, S. and Wright, C.D. Models for phase-change of Ge2Sb2Te5 in 

optical and electrical memory devices. Journal of Applied 

Physics, 95(2), pp.504-511, 2004. 
[22] Mandelli, D., Caravati, S. and Bernasconi, M. Density functional study 

of the TiN/Ge2Sb2Te5 interface. Physica Status Solidi (b), 249(11), 

pp.2140-2144, 2012. 
[23] Satoh, H., Sugawara, K. and Tanaka, K. Nanoscale phase-changes in 

crystalline Ge2Sb2Te5 films using scanning probe microscopes. Journal 

of Applied Physics, 99, p.024306, 2006. 
[24] Diosdado, J.A.V., Ashwin, P., Kohary, K.I. and Wright, C.D. Threshold 

switching via electric field induced crystallization in phase-change 

memory devices. Applied Physics Letters, 100(25), p.253105, 2012. 
[25] Wang, W., Loke, D., Shi, L., Zhao, R., Yang, H., Law, L.T., Ng, L.T., 

Lim, K.G., Yeo, Y.C., Chong, T.C. and Lacaita, A.L. Enabling universal 

memory by overcoming the contradictory speed and stability nature of 

phase-change materials. Scientific Reports, 2, p.360, 2012. 

[26] Kohary, K. and Wright, C.D., Electric field induced crystallization in 

phase-change materials for memory applications. Applied Physics 
Letters, 98(22), p.223102, 2011. 

[27] Koelmans, W.W., Engelen, J.B. and Abelmann, L. Probe-based data 

storage. arXiv preprint arXiv:1511.08755, 2015. 
 

 

 
 

 Hasan Hayat (S’15) was born in 1986.  He 

received his B.Eng degree in Communications and Electronics 

Engineering from the National University-FAST, Pakistan, in 

2008, and his MSc degree in Electronic Systems Engineering 

and Management from the University of Exeter, UK, in 2010.  

After working for a few years in the industry as an Electronics 

Design and Software Development Engineer in the UK and 

abroad, he decided to pursue his Ph.D. in Nanoelectronics 

Engineering at the University of Exeter where his research 

focused on the scaling of phase-change memory devices and 

novel applications of phase-change materials such as phase-

change arithmetic and neuromorphic computing and phase-

change metamaterial-type devices.  After completing his PhD 

in 2016 he is now working as a Postdoctoral Researcher in the 

Nano-Engineering, Science and Technology (NEST) Research 

Group at Exeter.   

 

 

Krisztian Kohary received his MSc degree in 

Engineering Physics in 1998 from the Budapest University of 

Technology and Economics (BUTE) in Hungary studying the 

growth of amorphous carbon (atomistic simulations), and his 

PhD in Natural Sciences (Theoretical Physics) in 2001 from 

the Philipps University Marburg (Germany) and BUTE 

studying the growth of amorphous semiconductors and 

investigating hopping charge transport in disordered materials. 

Between 2001 and 2002 he studied charge transport in DNA 

and biological systems as a Postdoctoral Research Fellow in 

Marburg. Then Dr Kohary joined the University of Oxford 

(2002-2008) as a Postdoctoral Research Fellow working on 

two Fellowships funded by Hewlett-Packard Laboratories 

(Palo Alto, California, USA). These works included the study 

of phase-change materials for data storage applications (2002-

2005) and the design and optimization of organic light 

emitting diodes that include an emissive layer of colloidal 

semiconductor quantum dots (QD-OLED) (2005-2008). 

Between 2008 and 2016 Dr Kohary worked as a Lecturer at 

the University of Exeter (UK) focusing on phase-change 

materials for memory and processing applications. In 2016 Dr 

Kohary joined the Automation Institute at the Kalman Kando 

Faculty of Electrical Engineering at Obuda University 

(Hungary) as an Assistant Professor. 

      

 



 7 

 C. David Wright (M’96) obtained a B.Sc. in 

Physics in 1978 from Imperial College of Science and 

Technology, London and a Ph.D. in ‘Perpendicular Magnetic 

Recording’ from Manchester in 1985. He took up the Chair in 

Electronic and Computer Engineering at Exeter in 1999. His 

main area of expertise is experimental and theoretical 

characterization of phase-change materials, along with the 

development of novel applications such as phase-change 

arithmetic and neuromorphic computing, phase-change 

optoelectronic displays and phase-change metamaterial-type 

devices. He is Head of the Nano-Engineering, Science and 

Technology Research Group at Exeter, and is leader of the 

University’s strategic research theme of ‘Functional 

Materials’.  

 

 


