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Abstract: Flexible electronics which are easy to manufacture and integrate into everyday 

items require suitable memory technology that can function on flexible surfaces. Here the 

properties of Ge-rich GeSbTe (GST) and Se-substituted GeSbSeTe (GSST) phase-change 

alloys are investigated for application as non-volatile write-once and rewritable memories in 

flexible electronics. These materials have a higher crystallization temperature than the 

archetypal composition of Ge2Sb2Te5, hence better data retention properties. Moreover, their 

high crystallization temperature provides for a particularly straightforward implementation of 

a write-once memory configuration. Material properties of Ge-rich GST and GSST are 

measured as a function of temperature using 4-point probe electrical testing, Raman 

spectroscopy and X-ray diffraction. Following this, the switching of flexible memory devices 

is investigated through both simulation and experiment. More specifically, crossbar memory 

devices fabricated using Ge-rich GST were experimentally fabricated and tested, while the 

operation of GSST pore cell structures suitable for flexible memory applications was 

demonstrated through simulation. 
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1. Introduction 

To help realise wide scale implementation of Internet of things[1] (IoT) technology, flexible 

integrated circuits are required to expand the range of everyday items that can have smart 

capabilities. An important requirement of these circuits is to have functioning data storage on 

flexible substrates; to realise this, memory devices that can be fabricated on flexible surfaces 

and remain functional on these surfaces are a key requirement. Some of the applications of 

flexible IoT technology are medical and sports tracking, environmental monitoring and radio-

frequency identification (RFID) technology,[2,3] where objects are embedded with tags which 

can transmit unique information using radio frequencies. Phase-change memory (PCM) is an 

emerging non-volatile memory technology. As well as its potential applications for highly 

scalable[4] and high performance[5] memories, it also shows promise for use in flexible 

memories,[6] including low-cost and flexible integrated circuits (FlexICs) for non-volatile data 

and code storage.[7] Some potential compositions for use in flexible PCMs are Ge-rich 

GeSbTe (GST) alloys. Germanium enrichment causes a higher crystallization temperature 

than the archetypal composition of Ge2Sb2Te5 (GST-225),[8,9] leading to better data retention 

properties.[10] A high crystallization temperature also enables the amorphous state to withstand 

a wider range of high temperature manufacturing processes, in turn making the development 

of a simple write-once memory, in which a single switch from amorphous to crystalline state 

is used, more straightforward. However, for re-writable applications, Ge-rich GST 

compositions have the potential to undergo unwanted recrystallization in the amorphization 

operation. This is because low-cost flexible electronics systems are often limited to using 

much longer pulse durations compared to conventional memory cells. Therefore, materials 

like GST alloys – which are optimised for rapid switching – may recrystallize too readily 

upon cooling. To overcome this challenge selenium substituted GSST compositions are 

suggested. These materials have a significantly reduced crystallization speed – so potentially 

preventing unwanted crystallization during amorphization - whilst still offering a high 

crystallization temperature.[11]  

 

2. Material Characterization 

Here, three compositions are explored for potential application as phase-change memories to 

be used in flexible electronics: these are the germanium rich compounds Ge7Sb2Te5 (GST-

725)[12] and Ge8Sb2Te5 (GST-825), as well as Ge2Sb2Se4Te (GST-2241)[13] where tellurium 

has been substituted by selenium. To assess these materials’ performance for flexible 

electronics applications their temperature dependent crystallization properties were 
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investigated through measurements of electrical resistivity as a function of temperature, as 

well as by obtaining Raman and X-ray diffraction (XRD) spectra. To facilitate this, 100 nm 

thin films of the three compositions were deposited via magnetron sputtering (Nordiko 2000) 

onto Si/SiO2 substrates with a 50 nm oxide layer. Then the samples were heated on a 

programmable hotplate (EchoTherm HP60A-2) in the range of room temperature to 350oC 

with a ramp of 7.5oCmin-1, and a 4-point probe was used to measure in-situ resistance as a 

function of temperature (Keithley 2400). Figure 1 shows the measured resistivity for each 

material, as well as the archetypal GST-225 material for comparison. The dramatic reductions 

in electrical resistivity indicate the onset of crystallization as the high resistance amorphous 

phase is switching to the low resistance crystalline phase. Here we see both Ge-rich GST 

compounds and GSST-2241 have a significantly higher crystallization temperature than GST-

225. Amorphous resistivity levels are retained for temperatures up to ~210oC for Ge-rich GST 

and to ~280oC for GSST-2241. This is similar to previously published values for these 

materials.[9,14] 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. a) In situ measurements of the electrical resistivity and resistance of GST-225, 

GST-725, GST-825 and GSST-2241 on Si/SiO2 substrates as a function of temperature. Rapid 

decrease in resistivity indicates phase-change from the amorphous to crystalline state. b) In 

situ measurements of the electrical resistivity and resistance, as a function of temperature, of 

three GST-725 samples deposited on polyimide substrates (PI 1, 2 & 3). Results for a sample 

deposited on Si/SiO2 included for comparison. 
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In addition to depositing films on Si/SiO2 substrates, 100 nm thick GST-725 layers were 

deposited on polyimide (PI) substrates mounted on glass. PI is a flexible polymer that is 

commonly used as a substrate for flexible electronics. In Figure 1 in-situ measurements of 

electrical resistivity of GST-725 on PI indicate that crystallization occurs at around the same 

temperatures of ~280oC as it does for the conventional, non-flexible silicon-based substrates 

used previously, indicating that the use of a flexible substrate does not have a significant 

effect on the crystallization temperature (at least of GST-725). We note that there is some 

variation in the measured resistivity for PI samples 2 and 3 above 250 oC. The reasons for this 

are not entirely clear, but could be due to minor deformation of the PI films at elevated 

temperatures causing a poorer quality contact between the probes and material surface. 

 

To obtain further insights into material processes occurring upon crystallization of Ge-rich 

GST materials, 500 nm thick films of GST-725 were deposited on Si/SiO2 substrates and 

subsequently annealed for 30 minutes at 300oC and 400oC in a (JIPELEC Jetfirst 200) rapid 

thermal processor. Next, Raman (Horiba XploRA Nano) spectra were obtained, followed by 

XRD (Bruker D8 Advance) patterns using X-ray wavelength 0.154 nm, with exemplar results 

being shown in Figure 2. The data at 300oC indicate that a GST component of the Ge-rich 

GST has crystallized. This agrees with the previously reported Ge-rich GST crystallization 

mechanism which involves Ge segregation followed by GST crystallization.[15] The exact 

stoichiometry of this GST component is not known, as GST compositions which fall along 

the GeTe-Sb2Te3 pseudo-binary line have almost identical lattice parameters and so can lead 

to the same XRD peaks.[16] The data at 400oC indicates that crystallization of segregated Ge 

clusters has started to occur as extra peaks corresponding to Ge appear in both the XRD 

patterns and Raman spectra. This again matches the previously reported temperature for Ge 

segregated cluster crystallization in Ge-rich phase-change materials of above 380oC.[17] 
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Figure 2. XRD pattern of GST-725 annealed for 30 minutes at a) 300oC and b) 400oC. The 

extra peaks appearing in the 400oC pattern indicate that crystallization of segregated Ge 

clusters has occurred. Raman spectra of GST-725 annealed for 30 minutes at c) 300oC and d) 

400oC. The peak appearing at ~290 cm-1 also indicates Ge segregation and crystallization.  

 

3. Crossbar Memory Devices 

To demonstrate the basic functioning of memory devices made using Ge-rich GST, crossbar 

devices[18] were fabricated using GST-725 on Si/SiO2 substrates. Electrodes were patterned 

using electron beam lithography (Nanobeam nB4) and materials deposited by magnetron 

sputtering. The bottom electrode consisted of 5 nm/5 nm of Ti/Pt, the GST-725 thickness was 

30 nm and the top electrode was 30 nm of Pt. The cross region was 1 µm x 1 µm in size and 

the electrodes were connected to electrical contact pads to allow for easy connection to a 

probe system. The experimental switching of the Ge-rich crossbar cells was carried out using 

an I-V tester (Keithley 2400). Figure 3 shows a microscope image of the cross region of the 

fabricated devices, as well as the I-V curve obtained starting from the as-deposited, 

a) 

c) d) 

b) 
GST 

Ge 



  

6 

 

amorphous phase of the device. Characteristic threshold switching from the amorphous to 

crystalline phase was observed, along with a resistance contrast of ~100.  

 

 

 

 

 

 

 

 

 

Figure 3. a) Optical microscope image of the cross region of a GST-725 crossbar device 

under x50 magnification. The cross region is of size 1.0 µm x 1.0 µm. b) I-V characteristic 

obtained for GST-725 crossbar device, starting in the amorphous phase (lines just a guide to 

the eye).  

 

4. Device Modelling  

To help further understand the functioning of PCMs for use in flexible electronics, 

simulations of the operation of memory devices which are suitable for integration into a 

flexible electronics architecture were carried out. To do this a model is used that combines 

thermoelectric finite-element simulations (using COMSOL Multiphysics) with a ‘bespoke’ 

phase-change model based on a Gillespie type cellular automata and classical nucleation and 

growth theory.[19-21] Finite-element simulations are used to model the Joule heating caused by 

the flow of current through the phase-change layer in a defined memory geometry when a 

voltage pulse is applied. These calculations are carried out using a coupled system of 

equations consisting of the Laplace equation (Equation 1) for the electric model and the heat 

diffusion equation (Equation 2) for the thermal model.[22] 

 

𝛁𝝈 ∙ 𝛁𝑽 = 𝟎                                                                                                                                             (𝟏) 

𝝆𝑪𝒑

 𝝏𝑻

𝝏𝒕
− 𝑲 ∙ 𝛁𝟐𝑻 =  𝝈|𝑬|𝟐                                                                                                                (𝟐) 

Here σ is the electrical conductivity,[22] V the electric potential, Cp, ρ and K are material 

parameters corresponding to the specific heat capacity, density, and thermal conductivity 

respectively. The resulting electric field and temperature distributions produced are used to 

a) 

b) 
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calculate crystal nucleation and growth rates for each point in a cellular grid of GST 

‘monomers’ constructed throughout the phase-change layer and with spacing equal to the 

diameter of a single GST monomer (~0.82 nm).[21] In this model each monomer can be either 

amorphous or crystalline, single monomers can nucleate from the amorphous phase and then 

grow out into larger crystallites, crystallizing the monomers around them. The equations for 

nucleation and growth can be seen in Equation 3 and Equation 4 respectively. 

 

𝑰𝒔𝒔 = (
𝟒

𝒗𝒎
) 𝜸𝒏𝒄

𝟐
𝟑√

∆𝒈

𝟔𝝅𝑲𝑩𝑻𝒏𝒄
𝐞𝐱𝐩 (−

∆𝑮𝒄

𝑲𝑩𝑻
)                                                                                  (𝟑) 

𝑽𝒈 =  
𝟒𝒓𝑲𝑩𝑻

𝟑𝝅𝝀𝒋
𝟐𝑹𝒉𝜼(𝑻)

[𝟏 − 𝐞𝐱𝐩 (−
∆𝒈

𝑲𝑩𝑻
)]                                                                                       (𝟒) 

 

Here, vm is the volume of a monomer, nc is the number of monomers in a critical cluster, Δg is 

the Gibbs free energy between the liquid and solid states per monomer, ΔGc is the energy 

barrier for nucleation, r and Rh are the atomic radius and the hydrodynamic radius, λ the 

diffusional jump distance and η(T) is the viscosity.[20] A list of parameters and their values is 

provided in Table 1, here νm is the volume of a GST monomer, ΔHf is the enthalpy of fusion 

at melting point, σi is the interfacial energy and Tm is the melting temperature. The joint 

nucleation and growth rates from the model are used to calculate the resulting crystalline 

distribution and crystal microstructure when a memory device is excited by an applied voltage 

pulse.  

 

Table 1. Model parameters used in the simulation of GST-225 memory cells. 

 

To demonstrate the operation of the above model, and to give some assurance in terms of its 

outputs, we first explored the switching of the archetypal GST-225 composition whose 

Parameter Value Parameter Value 

Cp 210 Jkg-1K-1 [22] r 0.1365 x 10-9 m [20] [25] 

ρ 6150 kgm-3 [22] Rh 0.1365 x 10-9 m [20] [25] 

K Am: 0.2 Wm-1K-1       Cr: 0.58 Wm-1K-1 [22] [23] λ 2.99 x 10-10 m [21] 

nc 𝐧𝐜 =  
𝟑𝟐𝛑

𝟑

𝛎𝐦
𝟐𝛔𝐢

𝟑

𝚫𝐠𝟐  [21] 
ΔHf 625 x 106 Jm-3 [21] 

Δg ∆𝐠

𝛎𝐦
=  

𝐓𝐦−𝐓

𝐓𝐦

𝟐𝐓

𝐓𝐦+𝐓
  [24] σi 0.06 Jm-2 [20] [26] 

ΔGc ∆𝐆𝐜 =  
𝟏𝟔𝛑

𝟑

𝛎𝐦
𝟐𝛔𝐢

𝟑

∆𝐠𝟐  [21] 
Tm 900 K [21] 

νm 2.9 x 10-28 m3 [21] 
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properties are perhaps best understood/documented. In Figure 4, for example, we show the 

simulated temperature dependence of the nucleation and growth mechanisms in a blanket film 

of GST-225 subject to a linear temperature gradient. Here we can see that at lower 

temperatures nucleation of small crystalline clusters dominates. When progressing to higher 

temperatures the growth mechanism is the main cause of crystallization, up until the melting 

temperature where any crystalline structure will melt. The temperatures for maximum 

nucleation rate and growth rate, and the maximum growth rate itself, match well to those 

reported in the literature.[27,28] 

 

 

 

 

 

 

 

 

 

Figure 4. A simulation displaying the crystallization of a GST-225 blanket film subject to a 

temperature gradient (and after a time duration of 300 ns). Here, the grey areas are amorphous 

and the coloured regions represent crystallite grains of different orientations. The nucleation 

and growth rate are also plotted along the same temperature gradient to display the 

temperature dependence of the two processes and easily visualise the resulting crystal 

microstructure as a function of temperature. 

 

Now that a suitable model for simulating phase switching in memory cells has been created, 

we model a pore-cell device which has the potential to be integrated into low-cost flexible 

electronics systems. Here, a flexible polyimide substrate and, initially, GST-225 is used as the 

phase-change layer. The detailed geometry of the device and simulated switching results can 

be seen in Figure 5. Firstly, an amorphous area is melted into the pore to leave the cell in the 

high resistance state. Then a 1.95 V, 5 µs pulse (with a fall time of 2 µs) is used to re-

crystallize this amorphous region; this operation is successful and the device changes to a 

lower electrical resistance as there is now a conductive path of crystalline material connecting 

the electrodes. An attempt to reamorphize a device in the set state using a 3.0 V, 3 µs pulse 

(with a fall time of 200 ns) is made. Such relatively long pulse lengths are appropriate since 
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they are most likely achievable in low-cost and easy-to-mass-produce flexible electronic 

systems. However, such pulse lengths are significantly longer than those used in 

‘conventional’ phase-change memories and, unsurprisingly, lead in this case to, significant 

recrystallization of the melted area occurring during the attempted amorphization process. We 

see therefore that the device remains in a low resistance state, since a conductive path of 

crystalline material is connecting the electrodes. This shows that phase-change materials 

which operate on the speeds such as those seen in GST-225 have the potential to undergo 

unwanted recrystallization in the reamorphization step, and that this is facilitated by the 

longer pulse times typically used in flexible electronic systems. This issue will also apply to 

GST-725 which is considered to have a very similar crystallization speed to GST-225.[29] 

However, the simulation results of Figure 5, taken along with the experimental GST-725 

switching results shown in Figure 3 (and as reported in the literature by others [10,12,30]), do 

point the way to the realization of a simple write-once memory suitable for use with flexible 

electronics using Ge-rich materials such as GST-725. Such materials can, due to their high 

crystallization temperature, maintain their amorphous phase during manufacture. Their 

crystallization in pore-type cells suited to give a write-once functionality in flexible device 

applications should then be straightforward. Of course, it would be preferable to have a fully 

re-writable memory suited to flexibles, and to achieve this aim we now explore the use of 

slow crystallization materials that should be easier to reamorphize with switching pulses 

suited to low-cost flexible electronics implementations. 

 

One potentially suitable slow crystallization material to enable the provision of a fully 

rewritable memory of use in low-cost flexible electronics is Se-substituted GST, such as 

Ge2Sb2Se4Te (GSST-2241). Alongside a slower crystal growth rate, GSST-2241 still offers an 

increased crystallization temperature (TC) compared to GST-225, as previously reported [31] 

and as shown in this paper in Figure 1 where a TC of ~305oC is seen. The successful 

reamorphization of GSST-2241 has also been previously demonstrated using relatively long 

excitation pulses, at least in photonic applications using embedded microheaters.[32] 

 

To test whether the slower crystallization properties of GSST-2241 prevent unwanted 

recrystallization during the relatively long-lived reamorphization operation likely to be used 

in flexible devices, we carry out device switching simulations similar to those shown 

previously for GST-225 in Figure 5. However, different material parameters for GSST-2241 

are obviously required to be used in the simulation model. These were extracted from 
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previously published reports where available, and consisted of new thermal conductivity 

data,[33] melting temperature,[11] activation energy for crystallization[34] and crystallization 

temperature.[14] Alongside this, viscosity and growth rate values more suited to GSST-2241 

were used,[11]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. a) Simulation of the switching of a GST-225 pore memory cell from the amorphous 

state to the crystalline state using a 1.95 V, 5 µs pulse (fall time 2 µs). b) Simulation of an 

attempt to reamorphize the memory cell via the application of a 3.0 V, 3 µs pulse (fall time 

200 ns). The cell resistance in the initial RESET state was 72.1 kΩ, in the SET state it was 

1.56 kΩ and in the failed RESET state it was 1.55 kΩ. Note that the simulations here are 2D 

(and assumed radially symmetric), and the device schematic shows half the simulation space 

with the y-axis being the centre line of the device. 

 

resulting in a maximum simulated growth rate for GSST-2241 in our model of 1.7x10-3 ms-1, 

compared to the conventionally accepted maximum GST-225 growth rate of ~3 ms-1.[27] 

Table 2 provides a summary of the new material parameters used to model GSST-2241. 

 

a) 

b) 
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To demonstrate the slower crystal growth speed of GSST-2241 in our model, simulations of a 

100 nm x 100 nm area of phase-change material cooling from above the material melting 

temperature at various rates were carried out and compared to those predicted for GST-225. 

The resulting phase distributions once the material has cooled to room temperature are 

displayed in Figure 6. It can clearly be seen that far more rapid cooling rates are required for 

GST-225 to remain in the amorphous phase compared to GSST-2241.  

 

Table 2. Model parameters used in the simulation of GSST-2241 memory cells. 

 

Having confirmed the slower crystallization speed of GSST-2241 is captured by our 

crystallization modelling, simulations of switching of GSST-2241 in the same pore cell 

structure used previously in Figure 5 were carried out. The results are seen in Figure 7. As 

before, initially an amorphous area is melted into the pore, then a 2.0 V, 14 µs (fall time 1 µs) 

pulse is used to recrystallize the cell. Following this a 3.0 V, 3 µs pulse (fall time 200 ns) is 

used to attempt to reamorphize the device. Unlike in the GST-225 case, this reamorphization 

is successful, due to the significantly reduced crystal growth speed of GSST-2241. A high cell 

resistance is recovered, and there is no evidence of a path of conductive material connecting 

the electrodes. Here we have demonstrated that using GSST-2241 we can simulate a fully re-

writable memory cell with long reset pulses that are suitable for use in low-cost flexible 

electronic systems.  

 

Parameter Value Parameter Value 

Cp 285 Jkg-1K-1 [33] Rh 0.125 x 10-9 m [35] 

ρ 5270 kgm-3 [33] λ 2.60 x 10-10 m [35] 

K Am: 0.2 Wm-1K-1       Cr: 0.48 Wm-1K-1  [33] ΔHf 625 x 106 Jm-3 [21] 

νm 2.62 x 10-28 m3 [33] σi 0.038 Jm-2 [36] 

r 0.125 x 10-9 m [35] Tm 793 K [34] 
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Figure 6. a) Simulation of a 100 nm x 100 nm square of GST-225 being cooled from above 

melting temperature to room temperature at rates 50 Kns-1, 15 Kns-1 and 5 Kns-1. Here 

significant recrystallization upon cooling is observed for cooling rates slower than 15 Kns-1. 

b) Simulation of a 100 nm x 100 nm square of GSST-2241 being cooled from above melting 

temperature to room temperature at rates 0.2 Kns-1, 0.02 Kns-1 and 0.01 Kns-1. For this 

material significantly slower cooling rates can exist before recrystallization is observed. In 

both figures grey areas are amorphous and the different coloured regions represent different 

crystallite grain orientations. 
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Figure 7. a) Simulation of the switching of a pore memory cell using GSST-2241 material 

from the amorphous state to the crystalline state using a 2.0 V, 14 µs pulse. b) Simulation of 

the reamorphization of the memory cell using a 3.0 V, 3 µs pulse. No significant 

recrystallization is observed, despite the extended length of the pulse, due to the slow 

crystallization speed of GSST-2241. Cell resistance is calculated for each crystalline 

distribution. Note that the simulations here are 2D (and assumed radially symmetric), and the 

device schematic shows half the simulation space with the y-axis being the centre line of the 

device. 

 

 

6. Conclusion 

The high temperature crystallization properties of the materials GST-725, GST-825 and 

GSST-2241 were successfully characterized through in-situ measurement of electrical 

resistivity. Such materials are useful for improving data retention properties of phase-change 

memories at elevated temperatures and importantly can allow for retention of the amorphous 

phase during high temperature manufacturing processes, in turn facilitating the simple 

implementation of write-once memories for flexible electronics applications. Indeed, write-

once switching of GST-725 devices in a crossbar configuration was successfully 
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demonstrated. Simulations using a joint finite-element electrothermal and Gillespie Cellular 

Automata phase-change modelling approach were used to explore the switching of phase-

change memories on flexible Polyimide substrates. GST-225 was successfully crystallized in 

a pore-cell device suitable for flexible electronics applications. However, there were issues 

with the reamorphization step when using the relatively long excitation pulses - on the order 

of µs - typically available in low-cost flexible electronic systems. Indeed, for GST-225 

significant crystallization was seen when trying to reamorphize pore cell type devices 

designed for use in flexible systems, precluding the realization of a rewritable memory. As a 

solution to this problem, the use of GSST-2241 was proposed as this has a much slower 

crystal growth rate as compared to GST-225. Our crystallization model was updated to 

include material parameters relevant to GSST-2241, and simulations of the same pore cell 

devices showed that the slow growth rate suppressed significant recrystallization during the 

amorphization step, demonstrating, at least in simulation, a fully rewritable memory suitable 

for use in flexible electronics implementations.  
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Flexible electronics that are easy to manufacture and integrate into everyday items require 

suitable non-volatile memory technology. Here we explore Ge-rich GeSbTe and Se-

substituted GeSbSeTe phase-change alloys for such applications. Key material properties are 

measured using 4-point probe electrical testing, Raman spectroscopy and X-ray diffraction. 

Devices suited to both write-once and re-writable memory implementations are also 

investigated, through both simulation and experiment.  

 

 

 

 

 

  

 

 


