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Abstract

The ovonic threshold switching (OTS) selector is crucial for the development of high-

density memory devices based on three-dimensional semiconductor integration 

technology, as it could suppress leakage current. However, the performance of OTS 

materials based on chalcogenide glass is not yet satisfactory, hindering the progress of 
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industrial advancement. Si doping, by introducing tetrahedral sp3 bonding into 

materials, is a key method to improve the thermal stability of chalcogenide glass, but 

the specific mechanism of such a dopant is not very clear. In this study, we investigate 

the effect of Si doping on the local structure, bonding nature, and electronic properties 

of amorphous GeSe (a-GeSiSe), to gain a better understanding of the doping effect. Our 

results suggest that Si atoms form tetrahedral motifs with stronger Si-Ge and Si-Se 

bonds, thus slow down atomic mobility to increase the activation energy of 

crystallization. Meanwhile, the resulting narrowed band gap of a-GeSiSe is 

advantageous in decreasing the threshold voltage (Vth). In addition, doping Si leads to 

stable mid-gap states thus effectively suppresses the Vth drift. Our study clarifies the 

important role of Si doping in OTS materials and facilitates the development of 3D 

phase-change memory.

Keywords: chalcogenide glass; Si doping; local structure; threshold switching; mid-

gap states; molecular dynamics

1. Introduction

The down-scaling of semiconductor processing technology has created performance 

bottlenecks in traditional information memory devices, leading to the high demands of 

next-generation nonvolatile memories to meet the requirements of emerging artificial 

intelligence and neuromorphic computing. Phase-change memory (PCM), which takes 

advantage of the reversible and fast transition between the crystalline and amorphous 

states of chalcogenide materials, is the most mature and promising candidate. 1-7 Three-

dimensional (3D) stacking technology has been applied in PCM, including successful 

commercialization of 3D XPoint technology by Intel and Micron, as an effective way 

to increase storage density. 8, 9 In this compact crossbar structure, each PCM unit is 

integrated with an ovonic threshold switching (OTS) selector to control the open and 

shut of this memory unit in 3D PCM integration technology, so that the leakage current 

is suppressed when the unit is off. 10-12 By adopting OTS selectors instead of traditional 

transistors, the chip structure and processing are largely simplified, and the physical 
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volume of memory chips can also be reduced. However, the unsatisfactory performance 

of OTS devices compared to transistors has severely hindered the industrial 

advancement of 3D PCM, and particularly, the demand for high thermal stability in 

OTS glass is essential, as they need to survive the backend-of-the-line (BEOL) 

processing temperature (~450°C) 11 and threshold switching operations; once the 

amorphous OTS material crystallizes, the entire unit fails and can no longer be 

recovered. Thus, it is urgent to develop OTS materials with superior properties. 13 

However, the complexity of the amorphous structure and the inadequate understanding 

of OTS materials pose challenges to this goal.

The OTS behavior means that the conductivity of the device abruptly increases 

when a voltage bias reaches a threshold value Vth, and once the voltage bias is removed, 

the OTS material instantly returns to a low conductivity state without any phase 

transition or separation. Since the discovery of the threshold switching behavior in 

Ge10Si12As30Te48 in 1960s, 14 many OTS materials with similar properties have been 

reported, including Te-, 15-18 Se-, 18-21 and S-based 22, 23 chalcogenide glasses, depending 

on their anion types. The OTS behavior has attracted much attention, and a lot of efforts 

have been made to explore the phenomenon, 24-29 and so far, the mechanisms of 

threshold switching could be summarized as pure electrical model, 30, 31 thermal 

runaway, 32 field-induced nucleation, 33, 34 and filamentary switching 35, 36 mechanisms. 

Among these proposed mechanisms, the pure electrical model stands out as the most 

widely accepted theory which is consistent with the experimental OTS results very well, 

and presents a few nanoseconds switching-speed superior to other mechanisms. 19, 22, 31, 

37  In this theory, the defect states or mid-gap states (MGS) located in the band gap play 

a critical role, 38 as the electric field tilts the energy band, promoting the localized 

carriers trapped by the MGS to the conduction band, leading to the threshold switching 

process. The origin of MGS in chalcogenide glass has been intensively studied, as it is 

the key to the design of new OTS materials. It was reported that the contribution of 

over-coordinated Ge atoms to the MGS is critical in amorphous Ge2Sb2Te5, 27 GeSe 21 

and GeS, 22 while it stems from the Te atoms in amorphous SiTe 12 and Te. 39 
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Other than low thermal stability, the amorphous OTS materials usually suffer from 

large Vth drift, i.e., the Vth changes slowly with time or after many cycles of electrical 

operation, probably due to the glass ageing or phase separation. The drift coefficient is 

a parameter to measure how fast the Vth changes, and it is related to the evolution of 

MGS and mobility gap. 40 The increasing thermal stability of glass not only allows the 

OTS materials to withstand the BEOL temperature, but can also slow down the 

relaxation of glass, and thus, higher stability is critical for the development of OTS 

materials for the 3D memory stacking technology. In addition, to integrate with phase 

change materials (PCMs) in 3D stacking architecture, high thermal stability is also 

necessary for OTS materials to withstand the BEOL process. However, binary OTS 

materials such as Ge-Te, 41 B-Te 15 and Ge-Se 21 with weak stability fail to meet this 

demand. The tetrahedral doping strategy such as Si and C, 42, 43 is effective to improve 

the thermal stability of glass in both PCM and OTS devices. However, C doping may 

induce long carbon chains which deviates from the tetrahedral motifs and increases the 

off-state conductivity (reducing the on/off contrast), while Si is the primary tetrahedral 

dopant which has been demonstrated to increase thermal stability significantly, 10, 44 

even in the commercialized products. 8 Compared to other dopants, Si is distinctive as 

it enhances thermal stability and endurance while simultaneously reducing Vth and Vth 

drift, as demonstrated in Table S1. Nevertheless, the atomic mechanisms of Si doping 

in OTS materials remain ambiguous. Therefore, understanding the atomic mechanisms 

of Si doping in OTS materials is critical for the design of next-generation high-density 

3D PCM. In this study, we employed ab initio calculations to investigate the changes 

of materials by doping Si, e.g., a-GeSe and a-GeSiSe (10% Si), focusing on the 

structural, bonding, and energy bands. Our results indicate that Si doping introduces 

strong Si-Se and Si-Ge bonds in a-GeSiSe. Specifically, the Si-centered clusters exhibit 

a predominance of tetrahedral shapes, leading to a more distorted local configurations 

that deviate from the crystalline seeds, e.g., octahedral-like clusters. The decrease of 4-

fold rings and atomic movement impedes the crystallization, ensuring the high stability 

and endurance of the a-GeSiSe materials. We also found that the Ge-Ge chains are the 

Page 4 of 19Journal of Materials Chemistry C



5

primary contributors to the MGS in both a-GeSe and a-GeSiSe, while the Si atoms have 

negligible contribution to lone-pair (LP) electrons and MGS. Moreover, Si doping leads 

to more stable mid-gap states and thus effectively decreases Vth drift coefficient. Our 

findings provide a comprehensive insight into the effects of Si doping on OTS materials, 

which is crucial for the design of OTS materials with high stability towards the 

advancement of high-density memory integration.

2. Methods

The Vienna Ab initio Simulation Package (VASP) code 45 was employed to perform ab 

initio calculations, and the Perdew-Burke-Ernzerhof generalized gradient 

approximation (GGA-PBE) exchange functional and projector augmented-wave (PAW) 

method was utilized. 46, 47 We generate the amorphous models via the Ab initio 

molecular dynamics (AIMD) based on the density functional theory (DFT). 48 The time 

step and cutoff energy were set to 3 fs and 300 eV, respectively. Canonical ensemble 

(NVT) and Nose-Hoover thermostat were adopted to control the pressure and 

temperature. The initial model was a cubic cell containing 120 Ge and 120 Se atoms, 

and 10% of Ge and Se atoms were replaced by Si for the GeSiSe alloy. All the models 

were fully melted at 3000 K for 30 ps to eliminate the memory effect, and then cooled 

down to 300 K with a cooling rate of 30 K/ps, meanwhile the size of cubic box was 

adjusted to eliminate external pressure. These models were equilibrated at 300 K for 12 

ps to collect the trajectories of atoms. Then all the amorphous models were fully relaxed 

at 0 K with a force convergence of 0.02 eV to calculate the electronic structure. The 

energy cutoff was set to 500 eV, and the electronic convergence precisions was 10-7 

eV. The Brillouin zone was sampled using a 2×2×2 k-points grid. Only the s and p 

orbitals for Ge, Si and Se are considered in COHP and ICOHP calculations.

3. Results and discussion

3.1. Structural and dynamic properties
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To elucidate the role of Si doping in OTS materials, a detailed comparison between a-

GeSe and a-GeSiSe systems is crucial. We calculated the partial pair distribution 

functions (PDFs) g(r), which characterize the structure of amorphous glass based on 

the atomic distance, as shown in Fig. 1(a) and 1(b). The dominant Ge-Se peaks in Fig. 

1(a) indicate that heteropolar Ge-Se bonds are the primary configuration in the a-GeSe 

model, consistent with our previous findings. 20, 28 In addition, there are a few 

homopolar Ge-Ge bonds, as evidenced by a small peak of Ge-Ge configuration in Fig. 

1(a). Upon Si incorporation into a-GeSe, two new peaks of Si-Ge and Si-Se clearly 

emerge as shown in Fig. 1(b), resulting in a higher amplitude of Ge-Ge peak and a 

lower amplitude of Ge-Se peak in the a-GeSiSe model. This observation is attributed 

to Si atoms acting as cations, which substitute Ge atoms to bond with Se atoms. The 

coordination number (CN) distributions for a-GeSe and a-GeSiSe are shown in Fig. 1(c) 

and 1(d), respectively. Ge atoms are primarily 4-coordinated and partly 3- and 5-

coordinated, while Se atoms are predominantly 3- and 4-coordinated. It indicates that 

the Si doping has little effect on the coordinated environment of a-GeSe. After Si 

doping, almost all Si atoms exhibit 4-CNs in a-GeSiSe, as depicted in Fig. 1(d). 

In order to gain a better understanding of the local structure, we computed the bond-

angle distribution functions (BADFs) for a-GeSe and a-GeSiSe, which are depicted in 

Fig. 1(e) and 1(f). Our findings indicate that in a-GeSe, both Ge and Se atoms 

predominantly form ~90° angles, indicating the defective octahedral motifs. However, 

upon introducing Si atoms into the a-GeSe system, the main peak of Ge atoms shifts to 

~96°, indicating that the octahedral-like motifs become more distorted in a-GeSiSe. In 

addition, the main peak of Se atoms has shifted to ~107°, and a second peak is observed 

at ~88°, indicating the presence of two different structural configurations for Se-

centered clusters (tetrahedral-like and octahedral-like). These variations of local 

structure should stem from Si atoms. As anticipated, the BADFs of Si-centered clusters 

exhibit a 109° peak, which is the typical feature of a perfect tetrahedron. Our findings 

suggest that Si doping could enhance the distortion of amorphous structure by 

transforming it towards tetrahedral-like motifs. As a result, the crystallization process 
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is inhibited, leading to a higher crystallization temperature for a-GeSiSe OTS materials, 

e.g., an amorphous material with higher thermal stability. The previous work has 

demonstrated an increase in thermal stability of more than 60 ℃ (from 320 ℃ to 380 ℃) 

for a-GeSiSe when the Si content is 13 at. %. 44 

Fig. 1. Local configuration of a-GeSe and a-GeSiSe. (a-b) Partial pair distribution 

functions PDFs, (c-d) coordination numbers (CNs) distribution, and (e-f) bond angle 

distribution function for a-GeSe and a-GeSiSe. The black and light grey dashed lines 

in (e) and (f) are located at 90° and 109°, respectively, corresponding to the bond angles 

of perfect octahedral and tetrahedral configurations.

The presence of tetrahedral Si-centered atomic clusters in a-GeSiSe can be clearly 

observed in the simulated amorphous models, as shown in Fig. 2(a). In these models, 

Si-centered tetrahedrons are randomly distributed in the amorphous state without 

showing significant aggregation, and they form clusters that deviate from the parent a-

GeSe structure, contributing to the disorder of doped glass. To determine the fraction 

of distorted tetrahedrons of Si-centered motifs, the order parameter q was calculated 

using the following equation, 49   

                      (1)23 11 ( cos )
8 3 ijki k

q 
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where  denotes the bond angle formed by the central atom j with each neighboring ijk

atom i and atom k, and the sum counts all pair atoms (atom i, atom k) bonded to a central 

atom j. For 4-coordinated motifs, the motifs with q values between 0.8 and 1.0 are 

considered to be tetrahedrons with slight distortions, while the q value of 1.0 

represented perfect tetrahedrons without any distortion. As shown in Fig. 2(b), 85.8% 

4-coordinated Si form tetrahedron motifs. Noted that Ge atoms in amorphous 

chalcogenides glasses (PCM or OTS) could also form tetrahedral motifs according to 

previous reports. 50, 51 To distinguished the source of tetrahedral clusters in a-GeSiSe, 

the distribution of the q parameter for 4-coordinated Ge was also calculated for both a-

GeSe and a-GeSiSe. As shown in Fig. 2(c), the fraction of tetrahedral Ge-centered 

motifs increased from 22.5% to 27.5% upon Si doping, indicating high probability for 

forming tetrahedral structures (extra Si-centered and pristine Ge-centered) in OTS 

materials.

The primitive rings, which are defined as rings connected by atoms and are related 

to crystallization behavior, could also be indicative of thermal stability. Using the 

RINGS code, 52 the distribution of rings for a-GeSe and a-GeSiSe was obtained, as 

shown in Fig. 2(d). The largest amount of rings in a-GeSe are 4-fold rings, which are 

associated with rapid crystallization of PCM because they resembles the local structure 

of rocksalt crystals. 53 However, by adding Si into a-GeSe, the proportion of 4-fold 

rings decreases and 5-fold rings become more prominent in a-GeSiSe. This is also an 

indication that Si can suppress the crystallization process based on quadruple nuclei, 

resulting in a high thermal stability of the glass.

The failure of OTS devices is mainly attributed to crystallization or phase separation 

of glass, as shown in previous research. 10 The dynamic properties of materials, 

particularly atomic migration, are closely linked to their ability to undergo phase 

transformation or separation. In this study, we investigated the effect of Si doping on 

the dynamic properties of OTS materials by calculating the mean squared displacement 

(MSD). The atomic migration was evaluated using the following equation:
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where Nα denotes the total number of α atoms, τ represents the arbitrary origin of time 

and Riα denotes the coordinates of atom i. Fig. 2(e) and 2(f) show the MSD curves of 

various elements for a-GeSe and a-GeSiSe at 600 K over a period of 12 ps, respectively. 

As shown in Fig. 2(e), the MSD curves of Ge and Se in a-GeSe almost overlap, 

indicating similar atomic mobility for both elements. However, upon adding Si to a-

GeSe, the MSD curves of Ge and Se show a reduction in amplitude by half, with the 

MSD of Se being slightly lower than that of Ge. Notably, Si in a-GeSiSe exhibits the 

lowest mobility, suggesting that atomic movement is significantly hindered. Such a 

high activation energy of diffusion could hinder the phase separation and crystallization 

behavior of OTS materials. Consequently, the endurance and thermal stability of a-

GeSiSe OTS glass are improved. Previous work has shown nearly two orders 

magnitude of endurance improvement after Si doping, 105 cycles for a-Ge42Se58 and 

5×106 cycles for a-GeSiSe with 13 at. % Si content. 44  This sluggish atomic mobility 

could be attributed to the formation of stronger Si-Se and Si-Ge bonds. 

 

Fig. 2. Local structure parameters and dynamic properties of a-GeSe and a-GeSiSe. (a) 

The distribution of Si-centered tetrahedrons in a-GeSiSe. The orange, green and blue 

balls in (a) represent Ge, Si and Se atoms. (b-c) Local order parameter q of 4-
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coordinated Si and Ge, respectively, showing obvious tetrahedral motifs because of q 

value predominately located at 0.8-1.0. (d) Ring distributions of a-GeSe and a-GeSiSe, 

showing the proportions of 4-fold rings decreases in a-GeSiSe. (e) and (f) mean square 

displacement (MSD) of a-GeSe and a-GeSiSe, respectively, indicating atomic 

movement is significantly hindered upon Si doping. 

3.2. Bonding analysis of amorphous glass

To reveal the influence of Si doping on atomic motion and thermal stability, we 

investigated the chemical bonds including the charge transfer and bond strength. We 

utilized the Bader Charge code 54 to compute the charge transfer of different elements 

in a-GeSe and a-GeSiSe, as shown in Fig. 3(a) and 3(b), where the +/- signs indicate 

the gain or loss of valence electrons. In a-GeSe, the average charge transfer of Ge and 

Se was calculated to be -0.59 and +0.59, respectively. Upon Si doping, the average 

charge transfer values of Ge and Se become -0.42 and +0.66, respectively, while Si 

loses ~1.06 valence electrons on average, indicating that Si doping strengthens the 

ionicity of the chemical bonds. Furthermore, compared with a-GeSe, the charge transfer 

becomes more dispersed in a-GeSiSe, which might be attributed to the structural 

distortion resulting from Si incorporation. 

To directly investigate the effect of Si on the bond strength, we utilized the 

LOBSTER code to calculate the crystal orbital Hamilton populations (COHP) of a-

GeSiSe. 55, 56 In general, negative values below the Fermi level represent antibonding 

states, while positive values indicate bonding states for -COHP. The -COHP of various 

bonds in a-GeSiSe is shown in Fig. 3(c), where both Ge-Se and Si-Se bonds show 

antibonding states. But Si-Se has less antibonding state, thus is stronger than Ge-Se. To 

quantitatively compare the strength of chemical bonds, we calculated the integrated -

COHP (-ICOHP) below the Fermi level, which could sum up both bonding and 

antibonding contribution. Fig. 3(d) displays the -ICOHP of all the bonds, and the red 

stars represent the average bonding strength of the main bond lengths (the first peak of 

PDFs). The -ICOHP values of Ge-Ge, Ge-Si, Ge-Se, and Si-Se were identified to be 
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3.4 eV, 4.1 eV, 3.6 eV, and 5.1 eV, respectively. It suggests that the Ge-Si and Si-Se 

bonds are stronger than Ge-Se, leading to the enhanced stability and high endurance of 

the a-GeSiSe. 

Fig. 3. Charge transfer and bonding analysis for a-GeSe and a-GeSiSe. The Bader 

charge transfer for (a) a-GeSe and (b) a-GeSiSe, where the +/– symbol represents 

gain/loss of electrons. (c) The -COHP for different bonds in a-GeSiSe. (d) The -ICOHP 

for different bonds with corresponding length in a-GeSiSe. The red stars correspond to 

the interatomic distances for the first peaks of the PDFs in Fig. 1(a-b).

3.3. Voids and lone pair electrons

The void distribution is a notable structural feature that relates to the electronic 

properties, as increasing voids could open the band gap. To quantify the volume of 

voids in the amorphous models, we used a method based on electron density. 57 The 

distributions of normalized electron density ( ) for a-GeSe and a-GeSiSe are e
normD

displayed in Fig. 4(a), and the void concentration is calculated by integrating the LED 
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regions and setting the boundary between LED and high electron density (HED) areas 

to 0.22, as in our previous study. 20, 58 The results indicate that both a-GeSe and a-

GeSiSe possess voids with volume fractions of 26.4% and 25.4%, respectively, 

suggesting that Si doping has little influence on the voids. Fig. 4(b) and 4(c) display the 

distributions of void in a-GeSe and a-GeSiSe models, respectively. These voids are 

randomly distributed in the amorphous models and act like a van der Waals layer in 

crystal GeSe (c-GeSe), inhibiting atomic migration. 53, 59

To further reveal the nature of amorphous void distribution, we investigated the 

distribution of LP electrons. According to previous reports, not only the voids but also 

the MGS stems from the LP electrons. 25, 27 The behavior of LP electrons, which are 

already paired and do not participate in covalent bonding, is critical to the operation of 

OTS under an electric field due to their higher energies than bonded electrons. 25 

Therefore, it is worthwhile to explore the LP electrons of a-GeSe and a-GeSiSe. We 

computed the electron localization function (ELF) distributions to exhibit the 

distribution of LP electrons as shown in Fig. 4(d). In general, ELF values close to 1.0 

indicate highly localized covalent bonds, while those closer to 0.5 indicate metallic 

bonds with delocalized electrons. By integrating the ELF value between 0.85 (Fig. S1) 

and 1.0, we determined the fractions of LP electrons, which are 7.8% and 7.2% for a-

GeSe and a-GeSiSe, respectively. 60 These results indicate that Si doping reduces the 

fraction of LP electrons in amorphous models. The ELF distributions with an isovalue 

of 0.85 are presented in Fig. 4(e) and 4(f) for a-GeSe and a-GeSiSe, respectively. We 

observed that in a-GeSe, most of the electron clouds were located at the opposite side 

of the bonding area near Se atoms, suggesting that the LP electrons mostly originate 

from Se atoms, as expected. Notably, some LP electrons appeared around the Ge atoms, 

likely due to over-coordinated Ge configurations. When Si is added to a-GeSe, the LP 

electrons are still primarily located around Se and Ge atoms, similar to a-GeSe. 

However, they are hardly found near Si atoms, indicating that Si atoms made little 

contribution to the LP electrons.

Page 12 of 19Journal of Materials Chemistry C



13

 

Fig. 4. Voids and lone-pair electron for a-GeSe and a-GeSiSe. (a) The distribution of 

normalized electron density of a-GeSe and a-GeSiSe. (b) and (c) show the distributions 

of low electron density (LED) region with an isovalue of 0.0035 e×bohr-3 in a-GeSe 

and a-GeSiSe. (d) the distribution of normalized electron localized function (ELF) for 

a-GeSe and a-GeSiSe. (e) and (f) shows the associated distribution of ELF with an 

isovalue of 0.85 for a-GeSe and a-GeSiSe, which mainly located at the opposite side 

of covalent bonds near Ge and Se atoms.

3.4. Nature of mobility gap states

To determine the relationship between Si doping and MGS, we calculated the electronic 

density of states (DOS) and corresponding normalized inverse participation ratio (IPR) 

for a-GeSe and a-GeSiSe as shown in Fig. 5(a) and 5(c). The IPR values reflect the 

degree of localization of electron states, as higher IPR values suggest more localized 

electron states. The mobility gap of amorphous glass is determined by calculating the 

distance between the valence and conduction bands, which are defined by relatively 
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lower IPR values. 61 The mobility gap is slightly different from regular band gap 

because the former does not count the band tails. Our calculations reveal that the 

mobility gaps for a-GeSe and a-GeSiSe are 1.08 eV and 0.9 eV, respectively, which is 

consistent with experimental findings.44 In these experiments, the mobility gap was 

shown to be 1.12 eV for a-Ge42Se58 and 0.90 eV for a-GeSiSe with 13 at. % Si content, 

demonstrating a decreasing trend in the mobility gap. These results suggest that Si 

doping could reduce the mobility gap of a-GeSe, which may lead to increased leakage 

current and reduced Vth, because the Vth is positively related to the mobility gap 

according to the PF model. 31 The previous work has demonstrated the 0.5 V (from 2.5 

V to 2.0 V) reduction of Vth when adding 13 at. % Si content into a-Ge42Se58. 44 In 

both a-GeSe and a-GeSiSe models, MGS with higher IPR values associated with OTS 

behavior are observed. Although the carriers trapped in MGS contribute little to room 

temperature conductivity, they would tunnel to the mobility edge and significantly 

reduce resistance when the electrical field is applied.

Using analytical methods for electron wave-functions, we have projected the mid-

gap states (MGS) onto real space to determine their origin, as shown in Fig. 5(b) and 

5(d). The figures show that the MGS mainly originates from structural motifs consisting 

of Ge-Ge chains that break the “8-N” rule (also known as octet rule, refers to for each 

Nth group nonmetallic element, each atom could provide 8-N valence electrons to form 

8-N covalent bonds with 8-N neighboring atoms), consistent with previous works. 21 

Interestingly, we find that Si atoms fail to significantly contribute to the MGS, which 

is in line with our conclusions about the localization of LP electrons. Furthermore, the 

evolution of MGS could be related to Vth drift, 21, 40 which is caused by the Ge-Ge bonds 

in chalcogenide glass. 40, 62 Experimental studies have reported a decrease in the 

coefficient of Vth drift after Si doping into the a-GeSe material. 44 To clarify this 

phenomenon, we compared the Ge-Ge bonds in a-GeSe with a-GeSiSe, as displayed in 

Fig. 5(e). And we also tested different annealing rates to compare the number of Ge-Ge 

bonds, as shown in Table. S2.  Our analysis reveals that the Ge-Ge bonds in a-GeSiSe 

have fewer antibonding states than in a-GeSe, indicating that they are more stable. 
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Hence, the stable amorphous structure could inhibit the evolution of MGS and Vth drift. 

The previous work has shown Vth ranges from 2.3 V to 2.7 V for a-Ge42Se58 and 1.85 

V to 2.1 V for a-GeSiSe with 13 at. % Si contents, demonstrating that Si doping to a-

GeSe could effectively improve the amorphous stability. 44 Additionally, the strong Ge-

Si and Si-Se bonds could potentially suppress the Vth drift because they slow down the 

ageing of glass.   

Fig. 5. Electronic structure and the mid-gap states for a-GeSe and a-GeSiSe. (a) and (c) 

density of states (DOS) and normalized inverse participation ratio (IPR) of a-GeSe and 

a-GeSiSe, respectively. (b) and (d) the mid gap states (MGS) projected onto real space, 

in which the blue regions represent the molecular-orbital-charge density of the 

associated MGS, and the main atomic configurations in dashed box associated with the 

MGS. (e) The -COHP for Ge-Ge bonds in a-GeSe and a-GeSiSe.

4. Conclusions

In summary, we systematically investigated the structural, dynamic, and electronic 

properties of a-GeSe and a-GeSiSe to elucidate the impact of Si doping on the stability, 

endurance, Vth, and leakage of OTS materials. Our findings indicate that Si atoms form 

strong Si-Se and Si-Ge bonds that impede atomic movement, with Si-centered clusters 
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predominantly forming stiff tetrahedral cluster. Local configurations distorted from the 

octahedral-like motifs are enhanced substantially in a-GeSiSe. Furthermore, a-GeSiSe 

exhibits a higher proportion of Ge-centered tetrahedrons and 5-fold rings, resulting in 

higher stability of the amorphous glass. The Ge-Ge bonds in a-GeSiSe are more stable, 

leading to a lower Vth drift coefficient. Finally, the contribution of Si atoms to LP 

electrons and mid-gap states is negligible, indicating that Si doping may have limited 

negative effects on OTS performance. Our study sheds light on the intricate structure-

property relationships in amorphous chalcogenide glass and offers insights for 

designing and developing OTS materials with high stability, endurance, and low Vth 

drift.
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