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Abstract 

 
Threshold-switching of chalcogenide – abrupt decrease of resistance when 

the applied electric field exceeds a critical value – has attracted wide attention 

since its discovery and enabled unique application for non-volatile memory. 

For the threshold switching, group VI elements such as Se or Te primarily 

constitute the chalcogenide alloy, but Se or Te alone cannot be used for non-

volatile memory because these elements easily crystallizes at room 

temperature. To enhance the stability of the amorphous phase, group IV and V 

elements are added to cross-link the atomic network within amorphous phase. 

In this thesis, group IV and V elements are varied for different application of 

chalcogenides; Ge, Sb, and Bi for phase change memory and Si and As for 

threshold-switch application.  

 

Bi is added to Ge2Sb2Te5 – the most intensely studied material for phase 

change memory – by cosputtering Bi2Te3 and Ge2Sb2Te5 compound targets to 

incorporate Bi atoms in Ge/Sb sites of Ge2Sb2Te5. This study revealed that 

incorporated Bi increased the crystallization speed of both amorphous and 

liquid phase. This was attributed to the decrease of the activation energy of 

crystallization and reduction of the thermal conductivity by doping Bi to 

Ge2Sb2Te5. It is suggested that Bi-doped Ge2Sb2Te5 shows a guideline for the 

development of future phase change memory; thermal engineering of phase 

change material by substitutional doping. 

 

Amorphous Si-As-Te thin films were sputter-deposited to make threshold 

switch for selector devices of crossbar array of resistive switching memory. 

Bi-directional flow of current is possible in threshold switch, which is 

required for selector device of bipolar resistive switching memory. Instead of 
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Ge and Sb used for phase-changing chalcogenides, Si and As are used for 

threshold-switch application because bonding enthalpy of Si-Te and As-Te are 

larger than that of Ge-Te and Sb-Te (bonding enthalpy: Si-Te 38.5 kcal/mol, 

As-Te 32.7 kcal/mol, Ge-Te 35.5 kcal/mol, and Sb-Te 31.6 kcal/mol). Higher 

thermal stability of Si-As-Te enabled the construction of stable threshold 

switch; endurance test using 200 ns-long pulse showed little degradation of 

the device performance after 1,000 times of ON-OFF switching. Suppression 

of the leakage current by serial connection of TiO2 unipolar memory and Si-

As-Te threshold-switching thin film was observed, which indicates that Si-As-

Te threshold switch is a promising candidate for selector devices of crossbar 

array of resistive switching memory.  
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I. Introduction 

 

1.1. Overview  

 

Continuous growth of the information technology (IT) is evident when the 

expansion of the market of various information-processing devices is 

considered. Recently, with a great commercial success of the iphone by apple, 

there was a huge growth of smart-phone market, and this device 

revolutionized the communication between people by supporting anytime 

access to internet, which enables easy access to social network service (SNS), 

such as facebook and twitter on mobile device, and podcasting. Also, solid-

state drive (SSD) is continuously replacing the traditional position of the 

hard-disk drive because of its faster access speed, light weight, and low power 

consumption. [1] All these devices requires high-density non-volatile memory 

(NVM) for proper operation, and needs for NVM is growing due to the 

growth of market for mobile and consumer-oriented applications. Currently, 

flash memory is the only mass-produced NVM to meet these needs. NAND 

flash use Fowler-Nordheim (FN) tunneling to capture charge at the floating 

gate, and resultant change in threshold voltage is used to store data. [2] One 

of the most important problems of this charge-based scheme is that it is 

unfavorable to scaling. As the device scales down to below 25 nm, number of 

trapped electrons is significantly reduced (about 100 electrons are stored at 32 

nm-node), and loss of one electron can be detrimental to data retention. [3] To 
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overcome this critical issue, resistance-based memories – data is stored by 

using different values of the resistance of the memory cell – are considered as 

replacements for charge-based memories. [3] Phase change random access 

memory (PRAM), magneto resistive random access memory (MRAM), and 

resistive random access memory (RRAM) are widely-studied resistance-based 

memories. PRAM use resistance contrast between amorphous and crystalline 

phase of phase-change materials such as Ge2Sb2Te5 (GST). [4] MRAM utilize 

magnetoresistance effect – change of electrical resistance by applying 

magnetic field – to store data. [5] RRAM depends on the resistance-switching 

phenomenon by the formation of electrically conducting path by ion (or 

charged vacancy) migration induced by electric field (SET) and rupture of 

conducting filament by Joule heating (RESET). [6] All these resistance-based 

NVMs show higher speed, longer endurance, and enhanced retention than 

NAND flash, but suffer from insufficient density compared to NAND flash 

memory and slow operation speed compared to dynamic random access 

memory (DRAM). As a result, better performance of resistance-based NVMs 

is required for commercialization, and this is under intense investigation by 

numerous researchers around the world.  
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1.2. Issues on PRAM and RRAM 

 

PRAM shows the most promising possibility of mass production. In 2006, 

512 Mb prototype PRAM was developed by Samsung which utilize PN diode 

as a selector device for each memory cell. [7] But some critical issues remain 

to be solved; high RESET current and slow SET speed. High RESET current 

compels large access transistor (current-drive capability of modern MOSFET 

~ 1000 μA/μm) [8] which limits the scaling of the device, and slow SET 

speed act as an obstacle for high speed operation of PRAM. Also, reliability 

issues such as resistance drift become important as the development of multi-

level cell (MLC) using PRAM acquires interest of manufacturers. [9] 

 

RRAM can be realized as a crossbar structure. [3] A crossbar structure 

consists of 2 sets of mutually perpendicular metal lines and resistive 

switching layer sandwiched between the metal lines. This structure is known 

for its simplicity, but the most important problem is that there exist sneak 

current paths. [10] When one cell is selected by applying voltage difference 

(read voltage) between 2 metal lines of interest, cells in low resistance state 

(LRS) which shares metal lines with the interested cell can act as sneak 

current paths. To prevent this sneak current problem, selector device should 

be serially connected to each memory cell or self-rectifying characteristics of 

RRAM is required.  
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Figure 2.1 Serial connection of memory and selector device (switch element in 
this figure) for the prevention of sneak current a) schematics of the crossbar 

using memory and selector device b) crossbar without selection device; leakage 
path forms when memory of low resistance state (LRS) exits on the selected line 

c) prevention of sneak current using diode as selector devices d) serial connection 
of NiO as memory and VO2 as selector device [11] 
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1.3. Objective and Chapters Overview 

 

In this thesis, materials with threshold switching characteristics were 

developed for memory and selector device applications. Firstly, Ge-Sb-Bi-Te 

thin films were studied for PRAM application. Phase change characteristics of 

the films were measured and analyzed for the explanation of better device 

performance of Ge-Sb-Bi-Te films. Both SET and RESET time was reduced, 

which indicate that Bi-doping into GST can be a good way to improve the 

switching speed of GST. Secondly, Si-As-Te thin films were investigated for 

selector device application. Compositional dependence of amorphous phase 

stability and threshold switching characteristics were studied to show that this 

film is suitable for selector devices of bipolar RRAM.  
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II. Literature review  

 

2.1. Chalcogenide: general introduction 

 

Chalcogenides are compounds which have chalcogen atoms (group 6A 

elements: sulfur, selenium and tellurium are the most important elements of 

chalcogenides). Oxygen is also included in group 6A, but compounds of 

oxygen are referred to as oxides which form a vast range of materials with 

numerous applications. [1] The chalcogen atoms and the part of the alloying 

elements of chalcogenides are depicted in figure 2.1. 

Because chacogen atoms of chalcogenides are heavier and have lower 

bonding with cation than oxygens of non-crystalline oxides, amorphous 

chalcogenide compounds are more transparent in infrared (IR) light than 

oxides. Researches about the IR-transparent chacogenides date back to early 

20th century. Semiconducting properties of amorphous chalcogenide was 

reported in 1955 by N.A. Gorinuiva and B. T. Kolomiests. From the material 

system of Tl2Se•Sb2Se3-Tl2Se•As2Se3, semiconducting properties of TlAsSe2 

glass was discovered. [1] In 1968, S. R. Ovshinsky and his co-workers from 

Energy Conversion Devices reported the threshold switching phenomenon of 

Si12Ge10As30Te48 thin films with two carbon electrodes whose area is about 10-

4 cm2. This report initiated the research on the theory and application of 

chalcogenide materials. [2] Application of chacogenide ranges over 

xerography, holography, photo-recording, photolithography, phase change 

memories, threshold switches, radiometry, chemical sensors, solid state 
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batteries, and IR transmission of the information.  

 

 

 

 

 

 

 

Figure 2.14 Periodic table emphasizing chalcogen atoms and elements frequently 
alloyed with chalcogen (surrounded by black rectangle) 
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2.2. Phase change memory (PRAM): general introduction 

 

Since the first demonstration of resistance switching phenomenon by 

Stanford R. Ovshinsky, [2] there has been a great interest and study on the 

phase change memory. Switching of chacogenides can be summarized in 2 

ways; memory switching and threshold switching. [3] Memory switching 

involves phase transition from amorphous to crystalline phase; permanent 

change in material properties results from the memory switching. Threshold 

switching refers to the abrupt reduction of the electrical resistance which does 

not involve phase transformation. By using these switching characteristics, 

non-volatile memory can be constructed which is referred to as phase change 

memory (PRAM). An operation scheme of PRAM is shown in figure 2.2. 

Memory switching requires Joule heating to make a phase transformation. But 

electrical resistivity of the amorphous phase is larger than crystalline phase. 

As a result, in general, it requires high voltage to make enough current to flow 

through amorphous material to induce phase transition by Joule heating. But 

amorphous chalcogenides make threshold switching at relative low voltage 

and turns into low resistance state. This allows large current flow at relatively 

low voltage and enables SET (crystallization) and RESET (amorphization) 

switching to occur at similar voltages. [3] For RESET of the crystalline 

device, a short (tRESET ~ 50 ns) and intense (IRESET ~ 1 mA at 50 nm-diameter 

contact) pulse is applied to induce local heating at the contact region between 

GST and bottom electrode; resultant resistance of the device is determined by 

high resistive amorphous cap above the bottom electrode and this state is 
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called high resistance state (HRS). For SET of the amorphous device, a 

relatively long (tSET ~ 500 ns) and intermediate (ISET ~ 0.2 mA at 50 nm-

diameter contact) is used to induce crystallization by increasing temperature 

of the amorphous cap to above crystallization temperature. Major limitation 

of PRAM operation is caused by the large RESET current. 

Though the concept of PRAM appeared in 1960s, early devices suffered 

from low thermal efficiency because of the large size of the device. Also, 

materials for PRAM were not optimized and the required properties such as 

fast crystallization, thermal stability of amorphous phase, and high endurance 

were not realized. [4] A breakthrough was made by Chen et al.’s report about 

Ge-Te binary system [5] and N. Yamada et al.’s report on Au-Ge-Sn-Te alloy. 

[6] Several years later, N. Yamada et al. made a report on the phase 

transformation properties of GeTe-Sb2Te3 pseudo-binary compound which 

have been studied most intensively for the application of optical memory and 

PRAM [7]. Till 2004, single/dual layer blu-ray disk with the capacity of 25/50 

GB were commercialized using GeTe-Sb2Te3 compound or Sb70Te30-related 

alloy. [3] These materials are intended to achieve the conflicting properties; 

for example, high crystallization speed for fast SET and stability of the 

amorphous phase at room temperature (or somewhat elevated temperature for 

high-temperature application) for the good retention of the RESET state. To 

enhance the performance of PRAM, optimization of the device structure and 

material characteristics using doping or composition tuning has been tried.  
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Figure 2.15 Operation principles of PRAM: left) application of current pulse and 
resultant phases of phase change material, right) typical current-voltage curves 

of PRAM. [3] 
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2.3. Device structure of PRAM 

 

Major obstacle for the commercialization of PRAM is the large RESET 

current. Large RESET current enforces large size of the selector device, 

which limits the density of PRAM. To reduce the RESET current, device 

scaling has been made and nano-scaled prototype devices were made to show 

that RESET current scales with the device size. Continuous reduction of the 

area of phase change layer/bottom electrode interface resulted in the increase 

of the heater thermal resistance. Device structure of PRAM has been evolved 

from mushroom structure in which phase change layer is deposited on top of 

the bottom electrode contact. [8] Area of the bottom electrode contact 

determines the RESET current. From the concept of mushroom structure, 

various structured was invented to reduce the effective size of the bottom 

electrode contact. Edge contact type cell [9], μ-trench [10], self-aligned (SA) 

μ-trench [11], cross-spacer [12], ring-shaped contact [13] was developed to 

limit the critical size of the contact using the thickness of the bottom electrode 

film. Pore type cell utilizes the keyhole generated during conformal filling of 

polysilicon. [14] Acceleration of etching rate at the keyhole results in 

sublithographic hole which can act as a bottom electrode contact for PRAM. 

Diameter as small as 40 nm was fabricated at the technology node of 180 nm. 

Confined structure is another way of reducing RESET current. Compared to 

planar structure described above, confined structure requires chemical vapor 

deposition (CVD) or atomic layer deposition (ALD) of the phase change layer 

to fill the phase change material in the confined volume between bottom and 
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top electrode. [15] Experiments showed that RESET current is decreased by 

65 % even though area of the electrode contact was not reduced, validating 

the thermal confinement by the encapsulation of the phase change materials 

with additional boundaries. There was also an improvement of the thermal 

disturbance by the neighboring cells. A summary of the device structure of 

PRAM is shown in figure 2.4. RESET current density is found to be about 40 

mA/cm2 which is depicted in figure 2.3, and efforts are dedicated to reduce 

the RESET current density by the careful engineering of the device structure 

and phase change materials. [16] 

 

Figure 2.16 Current/current density requirement of PRAM as a function of 
contact diameter. Constant current density of 40 mA/cm2 can be obtained. [16] 
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Figure 2.17 Structures of PRAM to reduce the RESET current. [16] 
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2.4. Crystallization of amorphous GST 

 

There have been numerous studies of the crystallization kinetics of 

amorphous GST into FCC phase. Isothermal annealing and in-situ monitoring 

of the crystallized fraction using reflectance or resistance was performed and 

the result is analyzed based on Johnson-Mehl-Avrami-Kolmogrov (JMAK) 

theory. [17],[18] Kissinger method is frequently adapted to measure the 

activation energy for crystallization. Kissinger method is originally applied 

for the differential thermal analysis (DTA) of decomposition of solid into gas 

and solid, but widely applied to measure the activation energy of thermally 

activated reactions. [19, 20] If any reaction is thermally activated, the reaction 

rate varies with temperature and this tendency can be represented by 

activation energy for the reaction. In Kissenger method, crystallization 

temperature is measured with varying ramping rate of temperature. The 

reaction rate of thermally activated process can be described by the following 

equation; 

 

𝑑𝑑
𝑑𝑑

= 𝐴(1 − 𝑑)𝑛𝑒−𝐸𝑎/𝑘𝑘 

 

where x is the fraction of the reacted material, Ea is the effective activation 

energy of this reaction, and n is the reaction order.  

 

If the temperature of maximum reaction rate is designated as Tm, Tm meets 

this relation; 
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𝑑
𝑑𝑑
�
𝑑𝑑
𝑑𝑑
� = 0 𝑎𝑑 𝑇 = 𝑇𝑚 

 

by proper modification of the equation dx/dt by using this condition, 

following equation for the effective activation energy can be made; 

 

𝑑(𝑙𝑙
𝑑𝑇
𝑑𝑑
𝑇𝑚2

)

𝑑( 1
𝑇𝑚

)
= −

𝐸𝑎
𝑘

 

 

If Tm is approximated as the crystallization temperature which can be 

experimentally measured using 4-point probe with in-situ heating, by 

measuring crystallization temperature with various temperature-ramping rates, 

Ea can be extracted.  

 

 

Figure 2.18 Kissinger plot of non-doped GST and SiO2-doped GST. [21] 
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Kissenger’s method can be applied to non-doped GST and GST with 

dopant which does not decrease the resistivity contrast between amorphous 

and FCC-phase GST. If the dopant reduces the resistivity difference – for 

example, metallic dopant such as Bi, Sn or Bi2Te3 – it becomes difficult to 

determine crystalline temperature with sheet resistance measurement with in-

situ heating; slope of Rs-T curve decreases during phase transformation 

because of reduced resistivity contrast [22] and it becomes vague to determine 

crystallization temperature using Rs-T curve. In this case, isothermal 

annealing and JMAK analysis becomes a preferred way to determine Ea. 

 

There have been various studies to study the crystallization kinetics of non-

doped GST. S. Senkader et al. [17] and, Burr et al. [23] demonstrated that 

there are two classical ways to analyze crystallization kinetics. One is JMAK 

theory and the other is classical nucleation theory. In JMAK theory, 

crystallization nucleation and growth rate is the major parameter to determine 

the crystallized volume fraction, while in classical nucleation theory 

nucleation and growth rate is calculated from thermodynamic and kinetic 

considerations. JMAK theory predicted time dependence of transformed 

fraction by the following equation; 

x(t) = 1 − exp [−(kt)𝑛] 

where k is an effective rate constant which can be described by an 

Arrhenius equation; 

k(T) = ν ∙ exp (−
𝐸𝑎
𝑘𝐵𝑇

) 

where ν is the frequency factor, Ea is the effective activation energy and 
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kB is Boltzmann constant. The origin of the effective activation energy is two-

folded; nucleation activation energy and growth activation energy which 

follows this relation 

E𝑎 = 𝐸𝑛 + 𝑏 ∙ c ∙ 𝐸𝑔 

where En is the nucleation activation energy, Eg is the growth activation 

energy, b is growth dimensionality, and c is growth index whose value is 1 for 

interface-controlled and 0.5 for diffusion-controlled reaction. In case of GST 

thin films, b is usually 2 (2-dimensional growth in case of thin film reaction) 

and c is selected to be 1. [24] But S. Senkader et al. warned that because 

nucleation event follows non-Arrhenius relation, measured activation energy 

should be interpreted as activation energy of growth; the observed activation 

energy should not be divided using ad hoc assumptions. Basic assumptions of 

JMAK formulism are as follows; 

1) Nucleation occurs randomly and uniformly 

2) Nucleation rate is constant throughout the crystallization process 

3) Growth velocity is also an independent function of time 

4) Growth is interface-controlled 

Among those assumptions only 3) and 4) are fulfilled for the crystallization 

of GST. Reasons for the violation of the assumption 1) and 2) are: 1) major 

nucleation site of GST is found to be at the interface between GST and 

dielectric 2) there exists an incubation period during which no nucleation 

takes place.  

Classical nucleation theory deals with the formation of stable clusters from 

unstable nuclei by energetic and kinetic considerations. [25] Formation of 
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atomic cluster brings a change in Gibbs free energy 

ΔG(n) = f(θ) ∙ (4π𝑟2𝜎 − 𝑙Δ𝑔) 

where f(θ) is the geometrical factor (θ is the wetting angle, f(θ) = 2 −

3 cosθ + cos3𝜃
4

 for the spherical cap model), σ is the interface energy per area 

between amorphous and crystalline phases, r is the cluster radius, and Δg is 

the free energy difference of GST monomer (between amorphous and 

crystalline state). Δg can be estimated using Singh and Holz’s equation [26] 

Δ𝑔
𝑣𝑚

= Δ𝐻𝑓
𝑇𝑚 − 𝑇
𝑇𝑚

[
7𝑇

𝑇𝑚 + 6𝑇
] 

or using Hoffmann model [27] 

Δ𝑔
𝑣𝑚

= Δ𝐻𝑓
𝑇𝑚 − 𝑇
𝑇𝑚

𝑇
𝑇𝑚

 

where vm is the volume of a monomer, ΔHf is the enthalpy of fusion 

(610~625 J/cm3), and Tm is the melting temperature of GST (900 K).  

Steady-state nucleation rate can be approximated using the following equation; 

𝐼𝑆𝑆 =
4
𝑣𝑚

∙ 𝛾 ∙ 𝑙𝑐
2
3 ∙ 𝑍 ∙ 𝑒𝑑𝑒(−

Δ𝐺𝑐
𝑘𝐵𝑇

) 

where 𝑙𝑐 = 𝑓(𝜃) ∙ 32𝜋
3
∙ 𝑣𝑚2 ∙ 𝜎3 ∙ Δ𝑔−3  is the critical nuclei size, 

∆𝐺𝑐 = 𝑓(θ) ∙ 16𝜋
3
∙ 𝑣𝑚2 ∙ 𝜎3 ∙ Δ𝑔−2 is the barrier energy to form the critical 

nuclei, Z = � ∆𝑔
6π∙𝑘𝐵∙𝑘∙𝑛𝑐

 is called Zeldovich factor, and γ is the jump attempt 

rate. 

The jump attempt rate γ is the monomer jump rate across the interface of 

amorphous and crystalline phase. This parameter is a function of viscosity η 

and nearest-neighbor distance λ (0.299 nm for GST); 
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γ =
𝑘𝐵𝑇

3𝜋 ∙ 𝜆 ∙ 𝜂
 

Temperature dependence of viscosity can be described by an exponential 

function, and detailed form of the function varies with temperature; 

η =

⎩
⎪
⎨

⎪
⎧ 𝜂0 exp �−

𝐸𝑎
𝑘𝐵𝑇

�  𝑓𝑓𝑟  𝑇 ≤ 𝑇𝑔

𝜂1 exp �−
𝐷𝑇𝑓𝑓
𝑇 − 𝑇𝑓𝑓

�  𝑓𝑓𝑟  𝑇 > 𝑇𝑔
⎭
⎪
⎬

⎪
⎫

 

This description applies to a fragile glass-former, which is indeed the case 

for GST. [27] 

The jump rate also appears in the growth and decay rate of a nucleus. A 

nucleus composed of n monomer can accept a monomer to grow to size n+1 

by the following rate equation; 

Γ𝑔𝑛 = 𝑞(𝜃) ∙ 𝑐𝑔(𝑙) ∙ γ ∙ exp (−
∆G(n)
2𝑘𝐵𝑇

) 

where q(θ) = (1 − cosθ)/2, and c𝑔(𝑙) = 4π(3𝑛
4𝜋

)2/3 is a term related to 

surface area of the nucleus. In a similar fashion, a rate equation for a nucleus 

of size n+1 to lose one monomer is described as 

Γ𝑑𝑛+1 = 𝑞(𝜃) ∙ 𝑐𝑙(𝑙 + 1) ∙ γ ∙ exp (+
∆G(n + 1)

2𝑘𝐵𝑇
) 

For simplicity, cl(n+1)=cg(n). Then growth rate of a nucleus can be 

expressed as; 

𝑣𝑔(𝑙) = 𝑣𝑚
Γ𝐺 − Γ𝐷

4𝜋 ∙ 𝑟2(𝑙)
 

By using this logic, Geoffrey W. Burr et al. calculated crystallization 

kinetics of GST. Figure 2.6 and 2.7 show the calculated grain growth velocity, 
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steady-state nucleation rate, and TTT diagram for GST. By these calculation 

results, the authors proved the experimentally observed sensitivity of the 

thermal-history of GST samples; the exponential temperature dependence 

(activation energies) of grain growth velocity and nucleation rate below the 

glass transition temperature is responsible for the dependence of 

microstructure on the temperature ramp-rate.[23] 

 

 

  

 

Figure 2.19 Crystallization growth velocity vg, and steady-state nucleation rate 
ISS as a function of temperature. [23] 
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Figure 2.20 The calculated TTT diagram of GST with crystallization fraction of 
10-6, 10-5, 10-4, 0.1 %, 1 %, 50 %, and 99 % Inset figures shows the evolution of 

crystalline grains at a ramp-rate of 81 oC/min. [23] 
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Experimental verification of crystallization process depends on tools which 

can separate nucleation and grain-growth event, such as TEM and AFM. Plan-

view TEM with in-situ heating is a powerful tool to measure the nucleation 

and growth rate of GST. S. Privitera et al. performed in-situ measurement to 

directly determine growth velocity and nucleation rate separately. [28] 

Incubation time for grain nucleation was observed, and after the incubation 

time number density of grains increased linearly with time. In contrast, the 

average value of the largest grain size increases linearly with time, which 

means that grain growth is an interface-controlled phenomenon. E𝑛 = 2.9 ±

0.5 𝑒𝑒 and E𝑔 = 2.3 ± 0.4 𝑒𝑒 were determined from the slope of measured 

nucleation rate versus 1/kT and growth speed versus 1/kT, respectively. 

Difference between En and Eg is the energy barrier for nucleation barrier 

(∆G∗), and ∆G∗ < 1 eV suggests the possibility of heterogeneous nucleation 

which was experimentally observed by other studies, and temperature 

dependence of crystallization is mostly determined by grain growth.  

 

Privitera et al. made further measurement to experimentally determine 

grain size distribution function as a function of temperature. [29] Also, from 

the temperature dependence of incubation time (nucleation rate reaches 1/e of 

the steady state value) and transient time (time needed for embryos to become 

stable nuclei) critical radius of nuclei can be calculated; this value was found 

to be 12 ± 1 nm, which is relatively large compared to ordinary crystals. 

Because FCC-GST has large structure disorder, large cluster is required for 

the crystallization to be defined. From these results, they found anomalously 
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large (≫ 1014 times compared normal values whose range is between 1012 ~ 

1013 s-1) pre-exponential factor (f0) for the atomic jumps which appears in the 

expression of the thermally activated atomic jump frequency (f); 

f = 𝑓0 ∙ exp (−
𝐸𝑔
𝑘𝑇

) 

The abnormally large pre-exponential factor was explained based on the 

fact that FCC phase of GST have large configurational entropy compared to 

ordinary crystals by the random occupation of 4b sites by Ge, Sb, and vacancy.  

 

Table 2.1 shows the reported values of Ea from various authors. Reported 

values show large variation from 0.81 to 3 eV. Dependence on the sample 

preparation and measurement conditions on the activation energy of 

crystallization is evident. Also, stochastic nature of the crystallization of GST 

should be recognized and the activation energy of crystallization needs to be 

obtained from reproducible condition.  
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Table 2.1 Activation energy of crystallization from various literatures 

 

Ea (eV) reference 

0.81 C. Trappe et al., Jpn. J. Appl. Phys., Part 1 2B, 766 (2000) 
1 J. Gonzales-Hernandez et al., J. Vac. Sci. Technol. A 18, 1694 (2000) 

1.8 G. Ruitenberg et al., J. Appl. Phys. 92, 3116 (2002) 
2 C. Trappe et al., Jpn. J. Appl. Phys., Part 1 4B, 2114 (1998) 

2.15 J. Gonzales-Hernandez et al., J. Vac. Sci. Technol. A 19, 1623 (2001) 
2.23 N. Yamada et al., J. Appl. Phys., 69, 2849 (1991) 
2.24 V. Weidenhof et al., J. Appl. Phys. 89, 3168 (2001) 
2.26 T. H. Jeong et al., J. Appl. Phys., 86, 774 (1999) 
2.3 J. Park et al., Jpn. J. Appl. Phys., Part 1 8, 4775 (1999) 
3 J. Tominaga et al., Jpn. J. Appl. Phys., Part 1 37, 1852 (1998) 

2.3 M. Salinga et al., in EPCOS 2007 (2007) 
2.11 D. Z. Hu et al., J. Appl. Phys. 102, 113507 (2007) 
2.1 Seung Wook Ryu et al., Appl. Phys. Lett. 92, 142110 (2008) 
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2.5. Threshold switching of chalcogenide 

 

Threshold switching refers to the abrupt decrease of the resistivity of the 

amorphous chalcogenide without crystallization when the applied electric 

field exceeds a critical value, called threshold field. There have been various 

theories and debates on the physical mechanism of threshold switching, [30, 

31] but up to now there was no agreement to the exact mechanism of 

threshold switching. At first, threshold switching was attributed to the thermal 

breakdown. [32] Local conduction path is formed when electric field is 

applied to chalcogenide material, which results in local Joule heating. As a 

result, temperature increases, and increase in temperature enhances carrier 

generation; resistance of the heated region decreases, and overall resistance of 

the chalcogenide appears to be decreased. Experiments following the thermal 

model can be found in early reports of threshold switching and this becomes a 

correct model for VO2 glass which undergoes metal-to-insulator transition at 

68 oC, but later this was discarded for chalcogenides because of the following 

reasons.[32] 

 

1) Switching speed is too fast to be explained by thermal effects (several 

nanoseconds) 

2) Clacogenide threshold switches will be unstable if threshold 

switching was caused by thermal effects because glass transition 

temperature of multicomponent is in the range 150 ~ 350 oC. Thermal 

model expects the temperature of conducting channel to be several 
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hundred oC. 

3) Actual measurement by thermocouple or calculations using the radius 

of the conducting channel, current density and thermal properties of 

chalcogenides showed that there was smaller temperature rise (<60 
oC) than was expected by thermal model. 

 

The most widely accepted model of threshold switching is given by D. 

Adler et al., and his model is based on the competition between electric carrier 

generation (which is a function of electric field and carrier density) and 

recombination (Shockley Reed Hall (SRH) mechanism; recombination by 

states within band gap). This model was summarized by reviews by D. Adler 

et al. [32, 33] and A. Redaelli et al. [34] 

 

In Adler’s system, large concentration of trap level (C3
+ for electron and C3

0 

for holes) is assumed. This level reacts with carriers in the following ways; 

𝐶3+ + e− → C30 

𝐶30 + h+ → C3+ 

where C stands for chalcogenide atoms. Number of the lower right index 

means the number of bonding the chalcogen atom makes and upper left index 

denotes charged state of the chalcogen atom. High density of traps in 

amorphous chalcogenide is evident from the low conductivity of the material 

with small (~ 1 eV) band gap. But the lack of electron spin resonance denies 

the existence of dangling bonds which usually exist in dielectric materials 

such as sputter-deposited SiO2. To explain this peculiar characteristic, valence 
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alternation pair (VAP) model was suggested by Marc Kastner and David Adler. 

[35] Chalcogen atoms have 4 valence p-orbital electrons; 2 electrons are in 

bonding state and remaining 2 electrons are in lone-pair states. Possible 

charged and neutral states of chalcogen atoms with varying number of bonds 

are summarized in the following figure.  

 

 

Figure 2.21 Configurations and energy states of the defects which can exist in 
chalcogenides. [35] 

 

where Eb is the bonding energy with respect to the lone pair state, ∆ is the 

energy difference of the antibonding and bonding state (reference of the 
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energy is the lone pair state, and antibonding orbital always have higher 

energy gain than absolute value of the energy loss of bonding orbital) , 

𝑈σ∗ and 𝑈LP are electron correlation energy of antibonding orbital and lone 

pair orbital, respectively. 

 

Two chalcogen atoms which make 2 bonds per atom interact with each 

other to form one positively charged three-fold-coordinated atom and one 

negatively charged singly coordinated atom.  

2𝐶30 → 𝐶3+ + 𝐶1− (x) 

This reaction follows several steps. Firstly, two C2
0 s, the most stable 

configuration which has an energy -2Eb, can be transformed to C3
0 or C1

0 by 

thermal activation; C3
0 is more stable than C1

0 considering the formation 

energy. But these neutral defects are not stable and by the charge transfer 

reaction; 

2𝐶30 → 𝐶3+ + 𝐶3− 

One of the bonds of C3
+ is broken and and nearby C2

0 is transformed to C2
-; 

𝐶3− + 𝐶20 → 𝐶20 + 𝐶1− 

This reaction is exothermic if 2∆ − (𝑈𝐿𝐿 − 𝑈σ∗) < 0. Total reaction given 

by the equation (x) needs energy 𝑈𝐿𝐿 − 2∆ − W is thought to be negative for 

most chalcogenide materials.  

To simplify the description of Adler’s system, trapping by C1
- is ignored 

and trapping/detrapping at the C3
+ site was considered. [34] Then the trapping 

can be described by the SRH mechanism in the following equations.  

𝑅𝑛 = α𝑛𝑙𝐶3+ 



 

31 
 

𝑅𝑝 = α𝑝𝑒𝐶30 

where α is the recombination coefficients, n and p are concentration of 

electrons and holes, respectively. Because cross section of charged defects is 

much larger than that of neutral defects, 𝛼𝑛 ≫ α𝑝. 

Generation mechanism can be described by the following equation. 

G = A(n + p)g(E) 

where g(E) can be approximated to be simply electric field, E. For steady 

state condition, generation and trapping rate of electrical carriers should be 

same; 

A(n + p)g(E) = 𝛼𝑛𝑙𝐶3+ 

A(n + p)g(E) =  𝛼𝑝𝑒𝐶30 

After the manipulation of the terms quadratic equation of n/p can be made 

equating above two equations 

A �1 +
n
p
� g(E) = 𝛼𝑝 �𝐶3𝑡𝑡𝑡 −

𝐴𝑔(𝐸)
𝛼𝑛

�1 +
𝑒
𝑙
�� 

Solution to this equation is as follows; 

n
p

=
1
2

(
1
λ
− 1 − ξ) ± ��

1
2

(
1
𝜆
− 1 − 𝜉)�

2
− ξ�

0.5

 

where ξ = 𝛼𝑝
𝛼𝑛

, 𝜆 = 𝐴
𝛼𝑝𝐶3

𝑡𝑡𝑡 𝑔(𝐸),𝐶3𝑡𝑡𝑡 = 𝐶30 + 𝐶3+. 

Then p can be calculated using n/p and E by combining steady state 

condition and charge neutrality condition. 

−N𝑎 + 𝑒 − 𝑙 + 𝐶3+ = 0 

−𝑁𝑎 + 𝑒 − 𝑙 + (𝐶3𝑡𝑡𝑡 − 𝐶30) = 0 

p − n = 𝑁𝑎 − 𝐶3𝑡𝑡𝑡 + 𝐶30 
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p =
𝑁𝑎 − 𝐶3𝑡𝑡𝑡 + (𝐴𝑔(𝐸)

𝛼𝑝
)(1 + 𝑙

𝑒)

1 − 𝑙
𝑒

 

Finally current density can be calculated with n, p and E. 

J = �qnµ𝑛 + 𝑞𝑒𝜇𝑝�𝐸 

with the assumption g(E)=E. 
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Figure 2.22 Calculated J vs E curve with parameters; 𝐀 = 𝟏𝟏𝟓, 𝐂𝟏𝐭𝐭𝐭 = 𝟖 ×
𝟏𝟏𝟏𝟏𝐜𝐦−𝟑,𝛂𝐩 = 𝟏𝟏−𝟗𝐜𝐦𝟑𝐬−𝟏,𝛂𝐧 = 𝟏𝟏−𝟏𝐜𝐦𝟑𝐬−𝟏. 

 

Experimentally this curve can be obtained by current sweep using 

semiconductor parameter analyzer (SPA), while voltage sweep does not show 

voltage snap back and only shows steep increase of current at threshold 

voltage.  
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2.6. Effect of doping into GST 

 

Doping GST with various impurities were tried to improve the performance 

of PRAM. Dopant can be categorized as metallic dopants (Ag, Bi, Sb, SnBiTe) 

and dielectric dopants (SiO2, Ge, O, N, C). The effects of doping is in contrast 

with each other; in general metallic dopants increases the crystallization speed 

but reduces the resistance contrast between amorphous and crystalline phase 

while dielectric dopants slows the crystallization process but increases the 

stability of amorphous phase. All the dopants are reported to increase the 

resistance of the crystalline phase because dopants acts as scattering center of 

charged carriers but resistance of the amorphous phase depends on the type of 

doping; metallic dopants decreases the resistance of the amorphous phases 

while dielectric dopants increases. Metallic dopants in the amorphous phase 

are believed to act as electrically active trap site which contribute to current 

conduction assisted by traps such as Pool-Frenkel conduction. Dielectric 

dopants are believed to be uniformly distributed to atomic network and 

increase the effective distance between traps which contributed to conduction. 

There is little report on the effect of metallic dopant on thermal conductivity 

of GST, but it can be anticipated that dopant will decrease the thermal 

conductivity; if the dopant exists in substitutional form it can increase the 

phonon scattering within the lattice [36] and if the dopant segregates at the 

grain boundary, thermal boundary resistance can be modified, the effect of 

which is hard to expect. Contrary to metallic dopants, GST doped with 

dielectric dopants is reported to have lower thermal conductivity. [37, 38]         
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Effects of dopants on the properties of GST are summarized in the following 

table.  

 

Table 2.2 Effects of dopants on the properties of GST 

 

 Metallic dopants Dielectric dopants 

Activation energy of crystallization ↓ ↑ 

SET (crystallization) speed ↑ ↓ 

Thermal conductivity of FCC phase - ↓ 

Resistivity of FCC phase ↑ ↑ 

RESET (amorphization) current - ↓ 

Crystallization temperature ↓ ↑ 

 

 

2.6.1. (Ge1Sb2Te4)0.9(Sn1Bi2Te4)0.1 [39] 

 

The motivation for the doping was that low melting temperature and small 

crystallization temperature can be anticipated by replacing part of the 

constituting elements of GST with bigger elements such as Sn and/or Bi. SET 

time for Ge1Sb2Te4 was 100 ns, and 20 ns for (Ge1Sb2Te4)0.9(Sn1Bi2Te4)0.1 and 

the reason for the acceleration of SET is attributed to the reduced bond 

strength by doping Sn1Bi2Te4. Ge1Sb2Te4 and Sn1Bi2Te4 from a complete solid 

solution and both melting temperature and activation energy for 

crystallization become smaller, which promotes nucleation of FCC grains.  
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 2.6.2 Ge2Sb2Te5 + Bi 

 

The effect of doping Bi into GST was investigated by K. Wang et al.[40] 

Thermal evaporation of single element sources with base pressure of 1×10-8 

mbar was used to deposit 35 to 83 nm-thick films with the composition of 

Ge2Bi0.3Sb1.7Te5. Lattice parameter of FCC-phase Ge2Bi0.3Sb1.7Te5 was 

6.000±0.004Å, which is similar to that of pure GST 

(5.988±0.008~6.027±0.005Å). As the average bond energy decreases by 

replacing Sb by Bi (bond energy of Sb-Te: 66.3±0.9 kcal/mol, that of Bi-Te: 

55.5±2.7 kcal/mol), crystallization temperature and activation energy for 

crystallization is believed to be lower. The change in density as phase 

transform into FCC proceeds is larger than that or pure GST. (Ge2Bi0.3Sb1.7Te5: 

7.8%, GST: 6.8%)  

Superior performances of Bi-doped GST were reported by J.H.Oh using 

250 nm-contact storage-node cell. [41] Bi-doped GST was deposited by 

copsttering Bi2Te3 and GST compound targets.  Reduction of RESET voltage 

by 40 % was demonstrated by 4.2 at.% Bi-doped GST. Exploration of the 

reason for this improvement constitutes half of this study.  
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Figure 2.23 Superior performances of Bi2Te3-GST [41] 
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2.6.3 Sb8Te2 + Bi [42] 

 

Bi doping to Sb8Te2 resulted in the reduction of the crystallization time by 

an order of magnitude at 8 at.% of Bi and lowered the crystallization 

temperature from 165 oC for non-doped Sb2Te8 to 103 oC for Sb2Te8 with 13 

at. % of Bi. Increase of the instability of the amorphous phase is explained 

that increase of Bi resulted in the increase of Sb-Sb homopolar bonds which 

tend to be crystallized. But there was an marginal reduction of crystallization 

activation energy; 3.2 eV for non-doped Sb:Te, 2.9 eV for 3 at. % of Bi, and 

3.0 eV for 8 at. % of Bi), which is a contrasting result compared to Bi-doped 

GST. To explain the fast crystallization without the reduction of crystallization 

activation energy, it is assumed that Bi dopant decreases the viscosity of the 

amorphous phase, which increases the crystal growth rate. 

 

2.6.4. GeTe+Bi2Te3 [43] 

 

GeTe-Bi2Te3 forms 3 intermetallic compounds, Ge1Bi4Te7, Ge1Bi2Te4, and 

Ge3Bi2Te6, which is similar to GeTe-Sb2Te3 pseudo-binary system. Because 

melting temperature of GeTe-Bi2Te3 compounds are lower than those of 

GeTe-Sb2Te3, crystallization times of GeTe-Bi2Te3 compounds are believed to 

decrease considering a priori argument that crystallization time scales with 

melting temperature. The structure of as-deposited (GeTe)1-x(Bi2Te3)x thin film 

with x<0.5 is amorphous. Both crystallization temperature and time are found 

to be decreased; (GeTe)0.88(Bi2Te3)0.12 crystallized at 155 oC and SET time 

(TSET) was about 31 ns, while GST crystallized at 168.5 oC and TSET was about 
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96 ns. Small amount of Bi is believed to induce unpinning of the Fermi level 

and makes interatomic bonding more isotrpic and metallic. This can result in 

lower cohesion and increased atomic mobility of the constituent atoms which 

enhances crystallization of GeTe-Bi2Te3. 

 

 

 

 

Figure 2.24 Pulse-time-effect (PTE) diagram of (Bi2Te3)x(GeTe)1-x. [43] 
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2.6.5. GST + nitrogen 

 

Nitrogen doped GST (NGST) gained attention from the industry due to its 

success to decrease the RESET current and SET time in the early stage of the 

development of PRAM. NGST has higher resistance than GST; this results in 

the decrease of the reset current. Tae Hee Keong et al. [44] reported that both 

the lattice parameter of FCC and grain size decreased by the increase of 

nitrogen content in GST. As a result, a strain field is induced in NGST. 

Exothermic peaks of DSC results indicate that the enthalpy difference 

between amorphous and crystalline states was decreased as the nitrogen 

content in GST increased due to the increase of the strain field. It is suggested 

that nitrogen atoms precipitate into the grain or the grain boundary as nitrides. 

This idea is supported by the work of M. C. Jung et al. [45]. The results of 

high-resolution X-ray photoemission spectroscopy revealed that Ge nitride 3d 

core-level peak was detected at 30.2 eV and the intensity of the GeNx peak 

increased as the nitrogen contents increased. Existence of GeNx phase was 

cross-checked using Ge K-edge absorption spectra in which molecular N2 and 

atomic N was revealed. [46] Preferential reaction of N with Ge is believed to 

increase the resistance and crystallization temperature of NGST. As N reacts 

with Ge to form GeNx, two scenarios can be expected; 

1) Ge concentration of GST is decreased due to the formation of GeNx 

and this makes Ge-deficient GST. Because Ge stabilizes the 

amorphous phase by making more bonds than Sb and Te, decrease of 

Ge concentration may reduce the stability of amorphous GST phase, 

resulting in the reduction of the crystallization temperature. Also, 
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heterogeneous nucleation can be enhanced because of the interfaces 

between NGST and GeNx.  

2) Formation of GeNx inhibits crystallization of NGST because GeNx 

becomes a grain-growth barrier. GeNx is expected to be located on 

grain boundaries. Also, because bonding enthalpy between Ge and N 

is expected to be higher than that between Ge and Te, Ge bonded 

with N has higher resistance to switch from tetrahedral site to 

octahedral site during crystallization. On the other hand, molecular 

N2 also is thought to exist on grain boundary, which inhibits 

crystallization by disturbing grain growth.  

Scenario 2 is more appropriate for explaining the reported data. YongKuk 

Kim et al. [47] reported that as the nitrogen content increases, both 

crystallization temperature and resistance of amorphous and crystalline state 

increased. Coexistence of Ge-N and N2 molecule was confirmed by X-ray 

absorption spectroscopy and the state of nitrogen was stable even after 

crystallization. Impedance spectroscopy revealed that as the concentration of 

nitrogen increases impedance component of grain boundary increased and that 

of grain decreased. The authors showed that by using HR-XPS Ge 3d core 

level peak contains Ge-N bond-related peaks whose intensity increases with 

the concentration of nitrogen. They also measured optical band gap and 

reported that nitrogen doping of GST increases the optical band gap; the 

reason for the increase of the optical band gap is believed due to the formation 

of Ge-N bonds.  

Fang et al. [48] reported that increasing the nitrogen doping resulted in the 

direct transformation from amorphous to HCP, which is detrimental to the fast 
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switching and low power consumption. They recommended that optimal 

concentration of nitrogen is in the range of 3 to 4 at. %. 

Eunae Cho et al. [49] performed ab initio calculations to elucidate the 

effects of dopants – Si, N, and O – of GST on the crystallization behavior and 

electrical properties. Calculations showed that N and O have bonding 

preference; both elements bonded with Ge and they were found to be placed 

in the Te site of GST. Because valence configuration of Ge and Si are similar, 

preferred site for Si was calculated to be Ge site of GST. But to explain the 

experimentally observed increase of the lattice parameters of N, O or Si-

doped GST, the authors suggested the existence of the interstitial dopant 

atoms in the crystalline phase. Calculation of the density of states (DOS) and 

inverse participation ratio (IPR) showed that SiGe (Si in place of Ge) and Ni 

reduced the band gap while OTe (O in place of Te) increased the gap. Optical 

dielectric constant  ϵ∞  (which shows the electronic part of the dielectric 

constant) was found to be increased by SiGe while Ni and OTe decreased ϵ∞. 

Calculation of IPR showed that Ni and OTe increased the localization of the 

valence band state; as a result, these state are effect scattering centers for 

holes and are believed to increase the resistance of the N or O-doped GST, 

which is experimentally verified. Compared to N and O, Si dose not increase 

the IPR of valence band states; effect of Si on the resistance is not strong 

compared to that of N or O. In amorphous phase, dopant clustering was 

observed. N and O-doped GST showed reduced Ge-Te bonds while increased 

Te-Te homopolar bonds due to the preference of the Ge-N and Ge-O binding, 

while Si-doped GST showed similar binding configuration and decreased Ge-
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Ge and Sb-Sb homopolar bonds. In N-doped GST, Ge in 4-folded 

coordination increased because Ge atoms in the most stable germanium 

nitride (β − 𝐺𝑒3𝑁4) have 4 bindings. In case of O-doped GST, because O 

atoms prefer both tetrahedral and octahedral configuration in GeO2, binding 

angle distribution of Ge is similar to that of undoped GST. All the dopant 

mentioned by the authors are believed to stabilize the amorphous phase but N 

or O dopant are found to induce significant lattice distortion in the crystalline 

phase. This can be one reason for the retarded crystallization of the N or O-

doped GST. DOS and IPR for amorphous phases of doped GST showed that 

all dopants increased the band gap while removing localized states within the 

forbidden gap; as a result, the resistivity of the doped GST increased 

compared to undoped GST.  

 

2.6.6. GST + oxygen 

 

S. Privitera et al. [50] performed a resistance measurement with in-situ 

heating of N-doped and O-doped GST thin films. Ion-implantation was 

selected as a method of doping. The activation energy for conduction was 

increased for both N and O-doped GST; this reflects that the mobility gap of 

the films increased from 0.84±0.02 to 0.94±0.02 eV as the concentration of 

nitrogen increased from 0 to 10 at. %. Both dopants increased the 

crystallization temperature and nitrogen is found to be more effective for 

inhibiting crystallization. Because of the much smaller atomic size of nitrogen 

(0.071 nm) and oxygen (0.066 nm) compared to the constituting elements of 
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GST, the dopants are believed to be in the interstitial site of crystalline GST; 

this results in strain field and reduce the stability of the crystalline phase, 

resulting in the increase of the crystallization temperature. In addition, 

because nitrogen forms one more bond than oxygen in the amorphous phase, 

nitrogen can be more effective for stabilizing atomic network of the 

amorphous phase.   

 

N. Matsuzaki et al. [51] reported the phase-change performance of oxygen-

doped GST using mushroom-type structure with 180 nm-bottom electrode. 

Reduction of the RESET current was significant; the authors achieved reset 

current of 100 uA, and this value is smaller than conventionally reported 

value of 400 ~ 1000 uA for undoped GST with similar size of the bottom 

electrode. But width of the SET pulse was 10 us, longer than usually reported 

value of 1 us for undoped GST [52]. XPS spectra of Ge 2p 3/2 core level 

indicated that part of Ge bonded with oxygen to form shoulder at higher 

binding energy. EDX measurement was performed to show the even 

distribution of oxygen within O-doped GST.  

 

2.6.6. GST + SiOx or TiOx (dielectric dopant) 

 

Seung Wook Ryu et al. [53] reported the effect of SiO2 incorporation in 

GST. XPS result indicates that only Si is oxidized while Ge, Sb, and Te are in 

the same state of undoped GST. Crystallization temperature of SiO2-doped 

GST was determined by Kissinger’s method using resistance measurement 

with in-situ heating. Both crystallization temperature and activation energy of 
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crystallization were found to increases. Crystallization temperature was 

increased from 138 oC for non-doped GST to 145 oC for SiO2 doped GST with 

2 at. % of Si. Activation energy of crystallization was increased from 2.1 eV 

for non-doped GST to 2.7 eV for SiO2 doped GST with 2 at. % of Si. Results 

of differential scanning calorimetry (DSC) indicated that melting temperature 

of SiO2-doped GST decreased and this was related to the increase of the 

configurational entropy of the molten GST by doping SiO2. Cross-sectional 

transmission electron microscopy showed that crystalline SiO2-doped GST 

had smaller grain size and larger amount of amorphous phase than non-doped 

GST. The increase of the amorphous phase and increase of the activation 

energy of crystallization was related to the nucleation-limited crystallization 

of SiO2-doped GST.  

Seung Wook Ryu et al. [54] demonstrated that SiO2-doped GST had a 

layered microstructure; low density, SiO2-rich layer and high density, GST-

rich layer are alternating across the thickness of the film. Thermal 

conductivity of the SiO2-doped GST was measured to decrease from 0.4 for 

undoped GST to 0.2 W/m•K for SiO2-doped GST with 23 at.% of SiO2. By 

using measured physical parameters such as density, specific heat, melting 

point, and thermal conductivity, electrothermal simulation was performed to 

show the SiO2-doping didn’t change the energy for RESET but improved the 

energy efficiency from 1.28 % for nondoped GST to 4.7 % for 7 at. % of SiO2. 

The reasons for this improvement were increased dynamic resistance and 

reduced thermal conductivity; as a result, RESET current was decreased by 

45 % for the 7 at. % of SiO2.  

Tae-Yon Lee et al. [55] showed that SiOx-doped GST have nanodomain 
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microstructure; in amorphous films, size of the GST domains is about 16 nm 

and these domains are separated by SiOx of the width around 1 nm when the 

amount of SiOx is 4.6 mol %. The separation between GST and SiOx results in 

the increase of the electrical and thermal resistivity. Thermal conductivity of 

SiOx-doped GST with 3.0 mol % of SiOx was measured to be 0.33 W/m•K, 

which is nearly half of the thermal conductivity of undoped GST 0.60 W/m•K 

by the authors’ measurement. Because thermal conductivity of sputter-

deposited SiOx is 1.1 W/m•K, the reduction of thermal conductivity by 

cosputtering SiO2 and GST can be attributed to the interface effect such as 

thermal boundary resistance (TBR). Estimation by simple series connection of 

GST grain and interface thermal conductance showed that thermal 

conductance of GST/SiOx interface is about 60 MW/m2•K, similar to the 

reported value of GST/ZnS:SiO2 interface. As a result of the increase of the 

electrical and thermal resistivity, power for RESET decreased from 0.92 mW 

for undoped GST to 2.24 mW for 4.6 mol % SiOx-GST.  

Dongbok Lee et al. [38] reported the thermal conductivity of TiOx-doped 

GST films by time-domain thermoreflectance method. Microstructure of 

TiOx-doped GST consists of around 20 nm sized GST clusters encompassed 

by TiOx boundaries. Both crystallization temperature and activation energy of 

crystallization increased by TiOx doping. Thermal conductivity of FCC phase 

decreased from 0.7 W/m•K for undoped GST to 0.33 W/m•K for TiOx-doped 

GST with 9 mol % of TiOx. Deviation of the measured thermal conductivity 

and expected values using effective medium theory tells that reduction of the 

thermal conductivity results from the TBR of the GST/TiOx interface and the 

overall thermal resistivity of the film is believed to be a linear function of the 
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density of the interface. Intrinsic TBR for GST/TiOx interface is measured to 

be about 30 MW/m2•K using films which has alternating GST and TiOx layers 

by sputtering each target in the alternating fashion. Incorporation of interfaces 

within PRAM cell will reduce effective thermal conductivity, resulting in the 

enhancement of thermal efficiency.  

 

2.6.8. GeTe + carbon 

 

G. Betti Beneventi et al. [56] reported the effect of carbon doping on the 

phase-change characteristics of C-doped GeTe. The increase of the 

crystallization temperature (from 180 oC of non-doped GeTe to 280 oC of C-

doped GeTe with 4 at.% of carbon), the increase of the retention failure time 

(from 2.3 eV of non-doped GeTe to 4.9 eV of 4 at.% C-doped GeTe), 

suppression of the XRD peaks and broadening of Raman spectra indicate that 

the crystallization of GeTe was inhibited by C-doping to GeTe. Both 

switching power and SET time increased; this follows the similar trends of O, 

N, or SiO2 doped GST.  
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2.7. Selector devices for cross-bar structure of resistive 

switching memory 

 

Crossbar arrays of resistance switching memory (such as ReRAM and 

PRAM) should have selector devices to prevent sneak current for the 

successful reading and writing operation on individual memory elements. In 

case of NAND Flash memory, selection of the specific device is possible by 

block, not by individual memory element. Because the memory elements 

(floating gate) and selector devices of NAND Flash are almost similar, they 

are intimately integrated. As a result, NAND Flash could achieve very high 

density. [57] 

Various types of selection devices have been reported. Metal-oxide-

semiconductor field effect transistors (MOSFETs) [58], bipolar junction 

transistors (BJT) [59], PN junction diode, Schottky diode [60], metal-insulator 

transition (MIT) switch [61], Ovonic threshold switch [62], and mixed ionic 

and electronic conductor (MIEC) [63] switch are the reported devices for the 

selection devices of crossbar array. In case of MOSFET, required current 

determines the width of MOSFET. Because RESET current of PRAM is 

substantially large, the width of MOSFET for PRAM becomes large; as a 

result, density of the memory array gets reduced. If we assume a future low-

power MOSFET with a 1.2 mA/μm current-driving ability, the width of 

selector MOSFET should be larger than 33 nm to supply enough current to 

PRAM device if we assume a PRAM device of 10 nm-contact size whose 

RESET current density is 10~20 MA/cm2. To overcome this density reduction, 
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diodes, MIT, OTS, and MIEC devices are under intense investigation. 

Sufficient ON/OFF ratio and large ON current density are the most important 

requirements of the selector devices. For PRAM array, ON current density of 

about 40 MA/cm2 is required while this requirement becomes relaxed for 

RRAM array to 1 MA/cm2.  

512 Mb PRAM based on 90 nm diode technology was demonstrated by J. 

H. Oh et al. [13] using vertical 5.5 F2 PN diode (by selective-epitaxial-growth 

of silicon), 50 nm-ring-type bottom electrode contact (BEC), and line-type 

nitrogen-doped GST. Forward current reached 1.8 mA at 1.8 V (~28 MA/cm2) 

while reverse current is suppressed to be 10-11 A at -2 V. SangBum Kim et al. 

[64] showed that germanium nanowire doped with PH3 can act as a bottom 

electrode for PRAM. Contact size of the Ge nanowire was 40 nm, and SET 

and RESET current was 173 and 45.5 μA, respectively which corresponds to 

the ON-state current density of about 0.1 MA/cm2. ON/OFF ratio of the 

device was 100 and this value is found to be sufficient for 64 by 64 crossbar 

arrays of PRAM by device simulation. G. Tallarida et al. [65] reported the 

Ag/ZnO Schottky diode with ON current density of 104 A/cm2 and rectifying 

ratio of 108 at ± 2 V. Gun Hwan Kim et al. [60] reported Pt/TiO2 Schottky 

diode with improved performance of ON current density 3×105 A/cm2 and 

rectification ratio 2.4×106 at ±2 V. Myungwoo Son et al. [61] reported the 

MIT device using VO2 thin films. ON current density exceeded 106 A/cm2 at 

0.4 V using 250 nm-contact cell and ON-OFF ratio was larger than 50 K. 

Gopalakrishnan et al. [66] reported the Cu-containing MIEC as a selector 

device of crossbar memory array. ON current density at 1.6 V was about 15 

MA/cm2, and the ON/OFF ratio was up to 107. 
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Figure 2.25 Summary of the reported selector devices for selector devices of 
crossbar array. [57] 

 

Theoretical expectation of the required parameters of the selector devices 

was made by Gun Hwan Kim et al.. [67] By using Kirchhoff’s law analytical 

solution was pursued with reasonable simplifying assumptions. Calculations 

showed that for the crossbar with a 100 Mb block density, rectification ratio of 

108 and forward current density larger than 105 A/cm2 is required. Jiale Liang 

et al. [68] reported the characteristics of a crossbar memory array without 

selector devices. Memory cells with high ON and OFF resistance are found to 

be suitable for larger array with small power consumption. If the ON-state 
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resistance of a memory is increased to 3 MΩ, the number of memory cells in 

the array can be increased to 106. But high ON-state resistance reduces the 

SET/RESET speed, and restrictions by peripheral circuits also limit the ON-

state resistance. 

 

2.8. Thermal conductivity measurement 

 

It is reported that most of the generated heat within PRAM cell is dissipated 

to oxide, top and bottom electrode, and approximately 1 % of the heat 

contributes the phase change. To enhance the low thermal efficiency of 

PRAM, thermal conductivity of phase change layer, bottom electrode and 

interlayer dielectrics should be modified and thermal barrier resistance (TBR) 

between these layers should be adjusted. In general, low thermal conductivity 

and high TBR of constituting materials are preferred because of the low 

thermal efficiency; generated heat should be confined to phase-changing 

region. Recently Elah Bozorg-Grayeli et al. published a review paper 

concerning physics and measurement of thermal transport relevant to phase 

change materials. [4] 

 

2.8.1. Definition of thermal conductivity 

 

Thermal conductivity is a material’s ability to conduct heat. This parameter 

appears in the law of heat conduction by Fourier.  

�⃗� = −𝑘∇T 
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where �⃗� is the local heat flux (W/m2), k is the thermal conductivity (W/m•K) 

and ∇T  is the temperature gradient (K/m). Inverse of the thermal 

conductivity is called thermal resistivity. If the quantity of the material is 

given, thermal conductance can be defined by kA/L where A is the area and 

L is the length of the sample. The unit of the thermal conductance is W/K.  

 

2.8.2. Thermal conduction mechanism in solids 

 

Energetic particles within solid materials – phonons, electrons and holes – 

contribute to the solid-state thermal conduction. Heat conduction of 

amorphous and FCC-phase GST is dominated by phonons, whereas that of 

HCP-phase GST is dominated by electrons and holes because both mobility 

and carrier concentration greatly increases as GST experience phase 

transformation from FCC to HCP. Properties of FCC and HCP-phase phonons 

do not differ more than 3 %, because atomic density, heat capacity and 

longitudinal phonon velocities of phonons do not vary significantly between 

both phases. [69] 

Grain size do not limit the thermal conduction because the phonon mean 

free path is less than 1 nm, much smaller than average grain sizes observed 

(20~30 nm). But it is reported that FCC-GST with smaller grain size (which 

was realized by partial crystallization of amorphous GST into FCC phase) has 

smaller thermal conductivity than that of fully crystallized GST. This is 

explained by the existence of amorphous phase at the grain boundary, which 

supplies additional TBR. [70] 
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Minimum thermal conductivity model describes thermal conduction 

through amorphous phase by the random jump of energy through localized 

oscillators. If temperature is higher than Debye temperature (TDebye), lattice 

component of thermal conductivity is expressed as 

𝑘𝑚𝑚𝑛 =
1
2
�
π
6
�
1
3 𝑘𝑏𝑙

1
3(v𝑙 + 2v𝑡) 

where kb is Boltzmann constant, n is the atomic number density, and vl and 

vt are the longitudinal and transverse phonon velocities, respectively. kmin of 

amorphous GST was estimated to be 0.27 W/m•K by Ho-Ki Lyeo et al., and 

this value agrees fairly well with reported values from other literatures.  

Electronic component of thermal conductivity can be calculated using 

Wiedemann-Franz law which is expressed as 

𝑘𝑒
𝜎

= 𝐿𝑇 

where T is temperature and L is the Lorentz number, 2.45×10-8 W•Ω/K2. 

This relation remains valid when the relaxation times of electrons and heat 

transport are comparable, and this condition is fulfilled at the temperature 

greater than 0.5 × TDebye. Since the TDebye of GST is around 300 K, Wiedmann-

Franz law can be applied to room temperature measurement.  

 

2.8.3. Measurement of thermal conductivity of thin films: 3-w method and 

transient thermoreflectance 

 

Measurement techniques of thermal conductivity of thin films can be 

divided into two ways; electrical and optical methods. 3-w method belongs to 
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electrical method and time-domain thermoreflectance measurement is 

classified into optical method. [71] 

In the 3-w technique, metal line is formed and acts both as a heater and 

thermometer to monitor thermal diffusion through the thin film below the 

metal line. [72] AC current with frequency ω is applied to the metal line; this 

results in heat generation with frequency 2 ω and this fluctuation of 

temperature induces resistance oscillation at frequency 2 ω. As a result, 

voltage oscillation at the frequency 3 ω is generated and can be extracted 

using lock-in amplifier. From 3 ω component of voltage oscillation, the 

thermal impedance of the thin film can be calculated under the following 

assumptions.  

1. f ≫ 𝛼𝑠𝑠𝑏/𝑑𝑠𝑠𝑏2 , where f is AC frequency (ω), α is the thermal 

diffusivity (defined as α = k/𝜌𝑐𝑝, where ρ is the density and cp is 

the heat capacity at constant pressure) and d is the thickness. 

2. 1-dimensional heat transfer through the films of interest: this requires 

that width of the heater is much larger than the thickness of the films.  

3. The thermal response of the thin films is independent of frequency.  

When these assumptions are valid, effective thermal conductivity (keff) of 

the film can be calculated using 

𝑘𝑒𝑓𝑓 =
𝑄

2𝑏𝐿
𝑑𝑓𝑚𝑙𝑚
Δ𝑇𝑓𝑚𝑙𝑚

 

where Q is the total generated heat, b is the half width of the heater, L is the 

length of the heater and ΔT is the temperature difference of the heater between 

with and without the film. The effective thermal conductivity contains both 

thermal conductivity of thin film and TBRs between thin film and passivation 
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layers which are required for preventing leakage current between the metal 

line and FCC/HCP-phase GST.  

Optical techniques measure the transient change of reflectance using high-

frequency laser and fast photodiodes with response time of picosecond level. 

[73] In nanosecond transient thermoreflectance, high intensity, low frequency 

laser (usually in a Q-switched mode) locally increases temperature and the 

resultant change in optical response is measured with probe laser of low 

intensity, high frequency (usually in a continuous wave (CW) mode) and fast 

photodiodes. For nanosecond transient thermoreflectance, the thin film of 

interest is coated with metal layer which acts as the pump absorber and probe 

transducer. Change in reflectance of metal transducer is on the order of 10-4/oC; 

the change in reflectance of metal transducer is linear with temperature. 

Because heat diffusion is also linear with temperature, thermal property of 

thin film can be extracted by data manipulation. In time-domain 

thremoreflectance, the laser is split into pump and probe beam; pump beam is 

usually frequency doubled and probe beam passes through a delay stage, 

which makes path difference to generate time delay between pump and probe 

beam. Temporal resolution of thermal response measurement reaches 

picosecond. 

 

2.8.4. Thermal conductivity of GST 

 

Reported values of thermal conductivity of GST are summarized in the 

figure 2.13. Thermal conductivity of each phase is as follows; amorphous 

phase 0.14-0.29 W/m•K, FCC phase 0.29-0.95 W/m•K and HCP phase 0.77-
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2.14 W/m•K. [69, 74, 75] Thermal conductivity increases as GST crystallizes 

to FCC phase because concentration of holes increases, but there is little 

change in phonon component of thermal conductivity. Huge increase in 

carrier concentration and mobility is accompanied by the phase 

transformation from FCC to HCP, which results in the increase of thermal 

conductivity. In summary, the reason for the increase of thermal conductivity 

with phase transformation from amorphous phase to HCP is the increase of 

the electronic component of thermal conductivity. [74] 
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Figure 2.26 Summary of the reported thermal conductivity of GST as a function 
of thickness and temperature from various literatures. [4] Large deviation of the 
measured values of thermal conductivity of amorphous and FCC phase reflects 

the diversity of microstructure under different processing conditions. 
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III. Experimental Procedures 

 

3.1. Apparatus of DC/RF Magnetron Sputter system for 

telluride deposition 

 

An outline schematic of the sputtering system used for this study is shown 

in figure 3.1. Substrates were usually Si wafers covered with thermally 

oxidized 100 nm-thick SiO2. But for the UV-VIS spectrophotometer 

measurement, slide glass (conventional soda-lime glass) was used for the 

substrate. Vacuum system is composed of a turbomolecular pump supported 

by a rotary pump; base pressure could be reached below 5 × 10-7 Torr. Ar, N2, 

and O2 gas can be supplied to the sputtering chamber for the adjustment of 

sputtering gas ambient. To enhance the uniformity of the sputtered films 

substrate holder was rotated during the film growth. 3-gun is fixed at the lid of 

the sputter and 2 DC and one RF power is equipped, which enables sputtering 

at most 3 targets at a same time. In this study, sputtering was done using the 

combination of targets described as follows.  

 

1) Ge2Sb2Te5 compound target + Bi2Te3 target  Ge(Sb,Bi)Te phase 

change thin film 

2) Si + As + Te element targets  Si-As-Te threshold switching thin film 

 

Table 3.1 summarizes the sputtering conditions of this study.  
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Figure 3.3 Sputter system of this study. 
 

 

 

Table 3.1 Process conditions of the sputtering process 

Sputtering process conditions 

Base pressure < 5.0 × 10
-7

 Torr 

Process pressure 6 mTorr 

Target-substrate distance 6 cm 

Substrate rotation rate 5 rpm 

Temperature Room Temperature 

Sputtering Gas (Ar) flow rate 10 sccm 
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3.2. Analysis methods 

 

The composition of the thin films was measured using X-ray 

fluorescence spectroscopy (XRF; QuantX EDXRF spectrometer, Spectrace 

Instruments, Sunnyvale, CA, USA). The reference sample for XRF was 

calibrated by Rutherford backscattering spectroscopy (RBS; 6SDH-2, NEC, 

Tokyo, Japan) equipped with proton induced X-ray emission (PIXE; Si(Li) 

detector, Model 12170, Canberra, Meriden, CT, USA). In case of Si-As-Te 

thin films, Si substrate cannot be used for the composition measurement 

because signal from the Si substrate is extremely large compared to that from 

thin films; therefore, TaOx substrate was used for the extraction of 

composition using electron probe X-ray micro analyzer (EPMA; JXA-8900R, 

JEOL(Japan Electronic Optics Laboratory)). The amount of impurity elements 

in thin films was checked by auger electron spectroscopy (AES, Model 660, 

Perkin-Elmer Co., Waltham, MA, USA). 

For annealing thin films to induce crystallization hot plate (Torrey Pines 

Scientific, ECHOthermTM Digital Hot Plate/Stirrer Model HS30, San Marcos, 

CA, USA) was used at air ambient and sheet resistance was measured with a 

4-point probe (Advanced Instrument Technology, SR-2000N, Yongin, 

Republic of Korea) to determine the degree of crystallization. X-ray 

diffraction (XRD; X’Pert PRO MPD, PANalytical) was performed to 

determine the crystal structure and interplar spacing of the thin film with Cu 

Kα1 radiation of wavelength 0.15841 nm. Because the thickness of thin films 

in this study is thinner than 200 nm, glancing-incident configuration (2θ scan) 
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was usually done. Thicknesses of the films were measured by field-emission 

scanning electron microscope (FE-SEM; S-4800, Hitachi, Ibaraki, Japan). The 

chemical binding status of the constituting elements of the films were 

determined using X-ray photoemission spectroscopy (XPS; ARIESARSC 

10MCD 150, Vacuum Science Workshop, U.K.). The microstructure of the 

films was observed using transmission electron microscopy (TEM; JEM-

3000F, JEOL, Japan).  

 

 

3.3. The ways to determine crystallization temperature and 

activation energy of crystallization 

 

Sheet resistance measurement with in-situ heating was performed to 

determine the crystallization temperature and activation energy of 

crystallization. Figure 3.2 shows the outline diagram of 4-point measurement 

with in-situ heating. Crystallization temperature is conventionally set to be the 

temperature at which the absolute value of the differential of the Rs vs. T 

curve becomes a maximum. Because a sharp drop of resistance follows from 

the formation of a percolation path by crystallization, determination of 

crystallization temperature using Rs vs. T curve is somewhat arbitrary but 

acceptable; volume fraction at which percolation path forms is well 

documented by various authors and displayed in table 3.2. In this study, it is 

assumed that films with same composition, thickness, and resistance have 

same degree of crystallization. But films with different composition but same 
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resistivity cannot be considered to have same degree of crystallization because 

grain size depends on the composition (dopant usually decreases the grain size 

in a similar fashion) and standard deviation of percolation volume is affected 

by the grain size. 

 

 

 

 

Figure 3.4 Schematic diagram of sheet-resistance measurement set-up with in-
situ heating. 

 



 

72 
 

 

Table 3.2 Percolation threshold volume fraction of various lattices. [1] 
 

The activation energy of crystallization can be calculated in two ways 1) 

Kissinger method: use crystallization temperature vs. temperature ramp rate 

graph 2) isothermal annealing and using JMAK relation: use time vs. 

resistance curves obtained at various temperatures.  

 

Kissinger method uses the following equation. 

ln�
∅
𝑇𝑥2
� = −

𝐸𝑎
𝑘𝑇𝑥

+ 𝐶 

where ∅ is heating rate dT/dt, Tx is the crystallization temperature 

which is a function of heating rate ∅, and Ea is the activation energy of 

crystallization. Ea can be calculated by varying ∅ and Tx and obtaining slope 

of ln � ∅
𝑘𝑥2
�  vs 1/Tx curves. Obtained slope equals to –Ea/k, where k is 

Boltzmann factor. There are some problems using Kissinger method to doped 
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GST. In case of Bi2Te3 doping to GST, resistance contrast between amorphous 

and crystalline phase is reduced because dopant decreases the resistance of 

amorphous phase while increasing the resistance of crystalline phase. This can 

be explained if Bi2Te3 act as an electrically active center; when in amorphous 

phase, additional trap sites becomes local conducting path by contributing to 

leakage current mechanism such as Pool-Frankel conduction. And when in 

crystalline phase, trap sites can capture free carriers and reduces electrical 

conductivity. As a result, determination of crystallization temperature by Rs vs. 

T curve becomes very obscure because slope of the Rs vs. T gets decreased as 

the concentration of Bi2Te3 increased. Reliability of this measurement using 

our set-up is also a serious problem. Figure 3.3 shows the results of repeating 

measurement of non-doped and doped GST. Numbers on the right side of the 

graphs shows the extracted activation energy of crystallization using 

Kissinger method.  
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Figure 3.3 Crystallization vs. temperature ramp rate curves of non-doped and 
doped GST. Strong scattering of the measured crystallization temperature is 

evident using our measurement set-up 
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As a result, it could be concluded that the Kissinger method using our 

measurement set-up is not a reproducible method. As an alternative, JMAK 

model with isothermal annealing was selected as an Ea measurement method 

of Bi2Te3-doped GST.  

 

Ea measurement by isothermal annealing use resistance vs. time graphs at 

various temperature. Temperature is selected to be lower than crystallization 

temperature because temporal resolution of our set-up is large (~ 10 s). 

Underlying theory was introduced by Johnson and Mehl (1939), and Avrami 

(1941). [2] They assumed that nucleation is random in time and in space, and 

grain growth is isotropic; resultant shape of the grains is spherical. They 

introduced concept of “extended volume” to exclude the possibility of 

counting “phantom nuclei” – nucleation within the transformed region; this 

can be included to calculation and exaggerated the crystalline volume fraction 

if we do not discriminate between nucleation in transformed area and 

untransformed area (nucleation in untransformed region is unphysical and do 

not contribute to the crystallization). Relationship between crystallization 

volume fraction (XT) and extended volume fraction (Xext) is as follows.  

𝑋𝑘 = 1 − e−𝑋𝑒𝑥𝑡 

If the assumptions mentioned above is satisfied,  

𝑋𝑒𝑥𝑡 = �
4𝜋
3
𝑅𝑁𝑅𝐺3(𝑑 − 𝜏)3𝑑𝜏

τ=t

τ=0
=
π
3
𝑅𝑁𝑅𝐺3𝑑4 

Then  

𝑋𝑘 = 1 − exp �−
π
3
𝑅𝑁𝑅𝐺3𝑑4� = 1 − exp (−K𝑑4) 
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In case of 2-dimensional grain growth, K = π
3
𝑅𝑁𝑅𝐺2  and 𝑋𝑘 = 1 −

exp (−𝐾𝑑3).  

If logarithm is taken and arbitrary XT is selected,  

K𝑑4 = 𝑐𝑓𝑙𝑐𝑑𝑎𝑙𝑑 

Taking logarithm of the above equation,  

lnK + 4lnt = constant 

If nucleation and grain growth is thermally activated process, it is 

reasonable to assume that RN and RG follow Arrhenius relation. Then this 

equation can be arranged as 

−
∆𝐻𝑁 + ∆3𝐻𝐺

𝑘𝑇
+ 4𝑙𝑙𝑑 = 𝑐𝑓𝑙𝑐𝑑𝑎𝑙𝑑 

where ∆𝐻𝑁 and ∆𝐻𝐺 are activation energy of nucleation and growth, 

respectively. In general case, above equation is expressed as 

−
∆𝐻𝑒𝑓𝑓
𝑘𝑇

+ 𝑙𝑙𝑙𝑑 = 𝑐𝑓𝑙𝑐𝑑𝑎𝑙𝑑 

where ∆𝐻𝑒𝑓𝑓 is effective activation energy of crystallization. Activation 

energy of crystallization can be obtained from the slope of lnt vs. 1/T curve 

where crystallization time was selected after which sheet resistance reaches 

specific value. Figure 3.4 shows that activation energy measured using 

isothermal annealing and JMAK model guarantees repeatability.  
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Figure 3.4 Extraction of the activation energy of crystallization of non-doped 
GST using JMAK formalism 

 

 

3.4. Apparatus of electrical test system 

 

Electrical characterization was made using capacitor-like metal-

insulator-metal structure with circular top electrode. Material for both bottom 

and top electrode was Pt. The area of the top electrode varied from 6,000 μm2 

to 20,000 μm2. E-beam evaporation conventional lift-off process was adopted 

to form top electrodes, while common bottom electrode with thickness of 60 

nm was formed by sputtering or e-beam evaporation on top of thermally 

oxidized (thickness of SiO2: 100 nm) silicon wafer. Adhesion layer between 

thermal oxide and Pt bottom electrode was Ti. Without the Ti adhesion layer, 

bottom electrodes peeled off during develop process to form photoresist mask 

for the top electrodes. To reduce the area of top and bottom electrodes, 

crossbar pattern was adopted. The length of one side of the crossbar was 1, 2, 
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4, 6, 8, and 10 um, but crossbar with 1 um-side could not be fabricated in a 

stable manner due to the difficult of lithography.  

 

 

Figure 3.5 Samples for electrical characterization: left; capacitor-like circular 
top electrodes middle and right; crossbar pattern for smaller (<100 um2) 

electrodes 
 

Pulse generator (Agilent 81110A Pulse/Pattern Generator, Agilent 

Technologies Inc., Santa Clara, CA, USA), digital oscilloscope (Tektronix, 

TDS684C Digital oscilloscope, Beaverton, OR, USA), and semiconductor 

parameter analyzer (SPA, HP4145B, Agilent Tech Technologies Inc., Santa 

Clara, CA, USA) were combined to evaluate electrical properties of phase 

change material and threshold switch. A probe station (REL-5500, Cascade 

Microtech Inc., Beaverton, OR, USA) equipped with positioners were used to 

make electrical contacts. Static current-voltage curves were measured using 

voltage and current-sweep mode of SPA to extract the threshold switching 

voltage and current with suitable current compliance. AC/DC switching box 

was used to change the circuit connection status; when injecting pulses to the 

device under test, the switching box connected the pulse generator to the 

device and when one need to measure resistance at low voltage (default value : 

0.4 V) or acquire static current-voltage curves, the switching box connected 
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the SPA to the device. This process was controlled using personal computer 

with our own program; pulse switching measurement, current-voltage sweep, 

endurance, and data retention characterization is possible using the program.  

Figure 3.6 shows the schematic diagram and circuit diagram of the 

measurement set-up. Voltage pulses by pulse generator were transmitted to 

both channel 1 and 2. By channel 1 voltages pulse directly go to the 

oscilloscope while voltage pulses directed to channel 2 passes the device 

under characterization before transmitted to oscilloscope. Current across the 

device during pulse injection can be calculated by the following equation. 

 

𝐼𝐿𝐶𝑃 =
𝑒𝑃𝐴𝑋_𝐶𝐶2

50 Ω
 

 

where 𝑒𝑃𝐴𝑋_𝐶𝐶2 is the maximum height of the voltage pulse measured 

at the channel 2 of the oscilloscope, and 50 Ω is the internal resistance of the 

oscilloscope. The resistance of this test circuit is nearly constant of 50 Ω, and 

this is beneficial because height of the voltage pulses of pulse generator is 

sensitive to the resistance of the externally connected device. During the 

threshold and memory switching, the resistance of the device varies by several 

orders of magnitude; therefore, circuit with little change in its total resistance 

is required for the characterization of the resistance switching devices, which 

is fulfilled by the measurement set-up. Shadowed region in figure 3.6 shows 

the total resistance of the test circuit when the resistance of the device is in 

that of conventional phase change memory. The total resistance is 45 to 50 Ω, 

and does not experience a steep change.  
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Figure 3.6 Schematics and circuit diagrams of the electrical test system. 
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3.5. 3ω method for the measurement of thin-film thermal 

conductivity 

 

Thermal conductivity is defined in the following equation.  

 

𝑄�⃗ = −𝑘∇��⃗ T 

 

where 𝑄�⃗  is heat flux, and ∇��⃗ T is temperature gradient. For measuring 

thermal conductivity, heat flux and temperature should be measured. But, in 

case of thin film temperature difference across the thin film is usually small 

and difficult to measure. To overcome this difficulty, minimization of the heat 

flux in the substrate is pursued by narrowing heater width (small 

microfabricated heater reduces the heat spreading inside the substrate while 

increasing the heat flux across the film) or modulating the heat flux (thermal 

penetration depth is expressed as � α
2ω

 where α = 𝑘
𝜌𝐶𝑝

; by increasing heating 

frequency ω, heat is effectively confined beneath the heater). Also, because 

temperature difference is difficult to measure, surface temperature is 

measured.  

Device for 3 ω method is displayed in figure 3.7. Metal line (Au 80 nm / 

adhesion Ti 20 nm) is formed by e-beam evaporation and conventional lift-off 

process. 4 metal contacts are made to flow current and measure voltage across 

the metal line. This metal line acts as both heater and thermometer. 

Temperature dependence of resistance is measured before the 3 ω 
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measurement using SPA using probe station equipped with thermal chuck 

(MST-1000H, MS-Tech, Republic of Korea). Devices with and without films 

of interest is fabricated by partially concealing half of the thermally oxidized 

Si wafer during thin film deposition with aluminum foil. Devices with and 

without films are necessary to acquire the difference of surface temperature 

caused by the films of interest. Because the resistance of crystalline GST is 

low (~ 200 Ω) insulating layer is mandatory to block the leakage current. 

Sputter-deposited SiO2 can be deposited on GST without breaking vacuum; 

therefore, in this study sputter-deposited SiO2 is selected as an insulating layer. 

But sputter-SiO2 is leakier than expected; experimentally it is found that 

thickness of the sputter-SiO2 should be larger than 90 nm, and thickness of 

200 nm is selected for the insulating SiO2. 
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Figure 3.7 Sample layout and optical images of 3ω pattern. 
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In 3 ω method, current with angular frequency ω is passed through a 

metal line on the film of interest.  

 

I(t) = 𝐼0cos (𝜔𝑑) 

 

Current flow generates Joule heating with frequency 2 ω because power 

is proportional to the square of current.  

 

P(t) = I(t)2𝑅 = 𝐼02Rcos2(𝜔𝑑) 

= 𝐼02𝑅 ×
1 + cos(2ωt)

2
 

=
𝐼02𝑅

2
+
𝐼02𝑅 cos(2ωt)

2
 

 

Therefore, temperature of the metal line oscillates in frequency 2 ω with 

definite phase delay and resistance of the metal line oscillates in equal 

frequency.  

 

T(t) = 𝑇𝐷𝐶 + 𝑇2ω cos(2𝜔𝑑 + 𝜑) 

R(t) = 𝑅0{1 + 𝐶𝑟𝑡𝑇(𝑑)} 

= 𝑅0{1 + 𝐶𝑟𝑡[𝑇𝐷𝐶 + 𝑇2ω𝑐𝑓𝑐(2𝜔𝑑 + 𝜑)]} 

= 𝑅0(1 + 𝐶𝑟𝑡𝑇𝐷𝐶)𝐷𝐶 + (𝑅0𝐶𝑟𝑡𝑇2ωcos (2𝜔𝑑 + 𝜑))2ω 

 

Then the voltage drop across the metal line is calculated by multiplying 

the current and resistance.  
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V(t) = I(t)R(t) 

= I0 cos(ωt) × [R0(1 + 𝐶𝑟𝑡𝑇𝐷𝐶)𝐷𝐶 + (𝑅0𝐶𝑟𝑡𝑇2𝜔 cos(2ωt + φ))2ω] 

= [I0R0(1 + 𝐶𝑟𝑡𝑇𝐷𝐶)𝐷𝐶 cos(ωt)] + I0𝑅0𝐶𝑟𝑡𝑇2𝜔 cos(𝜔𝑑) cos(2ωt +φ) 

= [I0R0(1 + 𝐶𝑟𝑡𝑇𝐷𝐶)𝐷𝐶 cos(ωt)]

+ I0𝑅0𝐶𝑟𝑡𝑇2𝜔
cos(𝜔𝑑 + φ) + cos(3ωt +φ)

2
 

= [I0R0(1 + 𝐶𝑟𝑡𝑇𝐷𝐶)𝐷𝐶 cos(ωt)] +
I0𝑅0𝐶𝑟𝑡𝑇2𝜔cos(𝜔𝑑 + φ)

2

+
I0𝑅0𝐶𝑟𝑡𝑇2𝜔cos(3ωt + φ)

2
 

 

From these equations, relationship between surface temperature 

oscillations and voltage amplitude with frequency 3ω can be found. [3] 

 

𝑒3ω =
𝐼0𝑅0𝐶𝑟𝑡𝑇2𝜔

2
 

𝑇2ω =
2𝑒3𝜔
𝐼0𝑅0𝐶𝑟𝑡

≅
2𝑒3ω
𝐶𝑟𝑡𝑒1𝜔

 

 

From the measured Crt, V1ω, and V3ω, T2ω can be calculated. From T2ω 

thermal conductivity of thin film can be calculated with proper heat 

conduction model. Two basic assumptions are 1) 1-dimensional frequency-

independent heat conduction across the thin film (width of the heater >> 

thickness of the film) 2) 2-dimensional heat transport in a semi-infinite 

substrate (size of the heater << dimension of the substrate). If these conditions 
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are valid, the thermal conductivity of thin film can be calculated using the 

following equation. 

 

𝑇𝑆+𝐹 = 𝑇𝑆 +
𝑒
𝑙
𝑑
𝑤

1
k𝑓

 

 

where TS+F is surface temperature of the sample with thin films of 

interest, TS is that without thin film of interest, p/l is power dissipation per 

unit length of the metal line, and kf is thin film thermal conductivity.  

Measurement schematic is shown in figure 3.8. 

 

 

Figure 3.8 Circuit diagram of 3ω measurement set-up 
  

 

Lock-in SR830 is a lock-in amplifier which extracts 3ω voltage signal. 

MDAC is multi-analog-to-digital converter. Measurement results of non-

doped GST are shown in figure 3.9. 
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Figure 3.9 Measured 3ω voltage and calculated temperature oscillation 
amplitude of non-doped GST using apparatus described above. 
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3.6. Laser test for the measurement of crystallization of phase 

change materials 

 

Crystallization speed and power requirement of the as-deposited phase 

change memory can be measured using static laser tester. Because crystalline 

phase material has more free electronic carriers than amorphous phase, optical 

reflectance of the former is higher than the latter. Figure 3.10 shows a power-

time-effect (PTE) diagram of GST. [4] Three regions can be distinguished 

from the figure: 1) amorphous phase remains where there was no change in 

optical constants (low power region) 2) crystallized region appeared by laser 

annealing (medium power, pulse time > 60 ns) 3) melting and slow-cooling 

resulted in partial amorphization of the film (high power, long pulse).  

 

Figure 3.10 PTE diagram of non-doped GST. [4] 
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Phase-change kinetics and heat conduction problem are correlated in static 

laser test. Following figure shows the calculation of AIST (AgIn doped Sb2Te 

alloy) done by Bong-Sub Lee et al. [5] For the phase transformation, local 

region is heated using pump laser of relatively high power and change of 

reflectance is measured subsequent probe laser with relatively low power. 

Size of the laser spot depends on the optical system of the measurement set-up 

and usually about several micrometers. Because the areal intensity of the laser 

spot follows Gaussian profile, center of the laser spot has the highest 

temperature and phase transition (such as crystallization and amorphization 

which follows local melting) firstly happens at the center region.  

 

 

Figure 3.11 Simulation results of the temperature distribution of AIST thin film 
under laser illumination. [5] 
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In this study static laser tester (PST-1, Nanostorage, Co., LTD., Korea) was 

used to elucidate the effect of Bi2Te3 doping to GST on the phase transition 

characteristics. Detailed specification of the static laser tester is summarized 

in table 3.3. 

 

 

Table 3.3 Specification of the laser-test used in this study. [6] 
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IV. Results and Discussions  

 

4.1. Bi2Te3-doped GST for the application of phase change 

random access memory 

 

4.1.1. Composition and microstructure 

 

Bi2Te3-doped GST thin films were deposited by cosputtering GST and 

Bi2Te3 targets. A fixed power of 40 W was applied to GST target. Figure 4.1 

shows composition of the Bi2Te3-doped GST as a function of sputtering power 

applied to Bi2Te3 target. Because Sb and Bi are in the same 5A period of the 

periodic table, it is anticipated that Bi will readily occupy the same atomic site 

as that of Sb in crystalline GST. But there was a report that crystalline phase 

of the Ge2Sb2+xTe5 thin film is composed of GST crystalline phase and 

amorphous Sb which exists in amorphous phase on grain boundary. This 

means that if the composition deviates from pseudo-binary line of GeTe and 

Sb2Te3, additional atoms cannot be included to the crystalline phase; vacancy 

in Ge/Sb sites in FCC phase cannot be filled by cosputtering elemental Sb and 

GST. [1] The same will be applied for Bi; therefore, instead of cosputtering Bi 

and GST, Bi2Te3 and GST are cosputtered in order for the composition not to 

deviate from GeTe-(Sb,Bi)2Te3 pseudo-binary line. Therefore, one of the 

corners of the ternary phase diagram was dedicated to the summed 

composition of Sb and Bi. Resultant composition falls on the pseudo-binary 
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line of GeTe and Sb2-xBixTe3. And atomic percentage of Bi increases linearly 

with sputtering power given to Bi2Te3 target. 

`  

 

 

Figure 4.7 Composition of Bi2Te3-GST thin films according to the sputtering 
power of Bi2Te3 
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Figure 4.2 shows sheet resistance–temperature curve of GST and Bi2Te3-

doped GST thin films by isochronal annealing. At each temperature, annealing 

was done using hot plate for 20 s in the ambient atmosphere. As the amount of 

Bi2Te3 doping increases from 0 to 6.3 atomic percentage of Bi, clear drop of 

resistance of amorphous phase is observed. This is attributed to the fact that 

Bi2Te3 has low electrical resistance compared to GST. Electrical resistance of 

as-deposited Bi2Te3 is 0.02659 Ω•cm and that of as-deposited GST is 4,450 

Ω•cm. By increasing the amount of Bi2Te3 unit into the atomic network of the 

amorphous phase, it can be expected that the electrical conductivity of the 

resultant film is increased. Sheet resistance of the FCC phase also increased as 

the amount of incorporated Bi2Te3 increased. This reduction of electrical 

conductivity of FCC phase Bi2Te3-doped GST can be explained by following 

2 reasons. Firstly, Bi2Te3 doping increases grain-boundary-scattering of 

electrical carriers. Bi2Te3 is believed to act as a nucleation site for 

crystallization. As a result, grain size of the crystalline phase is thought to be 

decreased. By decreasing average grain size, total area of the grain boundary 

increases, and increased area of the grain boundary is believed to enhance 

scattering of carriers which cross the grain boundary during conduction. 

Secondarily, Bi itself is thought to act as a scattering center. Foreign atoms 

doped into a crystalline lattice are known to act as scattering centers. Figure 

4.4 shows X-ray diffraction at glancing-angle-incidence configuration and 

depicts lattice constant of Bi2Te3-doped GST as a function of the atomic 

concentration of Bi atom. The lattice constant increased linearly as the Bi 

concentration increased, which indicate that Bi successfully incorporated into 
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the lattice of FCC crystal. As a result, the possibility of segregation of Bi on 

the grain boundary can be excluded. From these considerations, Bi itself is 

believed to act as a scattering center, which increases electrical resistance of 

FCC phase.  

 

 

Figure 4.8 Isochronal annealing (20 s) and ex-situ sheet resistance measurement 
of Bi2Te3-GST. 
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Figure 4.9 Sheet resistance measurement with in-situ heating. Resistance drop by 
crystallization is reduced compared to Fig. 4.2 because resistance of the 
amorphous at high temperature (> 100 oC) is smaller than that of room 

temperature. 
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Figure 4.10 glancing incidence X-ray diffraction results of Bi2Te3-GST and 
extracted lattice parameter of Bi2Te3-GST as a function of Bi concentration. 
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Microstructure of un-doped and Bi2Te3-doped GST was further analyzed 

using plan-view transmission electron microscopy. 40 nm-thick phase change 

thin films were deposited on amorphous carbon-coated grid. To prevent 

oxidation of the phase change layer, 5 nm-thick SiO2 thin films were sputter-

deposited on top of them without breaking vacuum. Figure 4.5 shows the 

bright-field images and electron-diffraction patterns of each film. As the 

doping concentration of Bi2Te3 increases from 0 to 7.69 atomic percent of Bi, 

average grain size is decreased and spots of the diffraction transforms from 

circle to continuous ring. From this result, role of Bi2Te3 can be explained; 

Bi2Te3-doping enhances nucleation of the crystal grains. Smaller grain size of 

Bi2Te3-doped GST is expected to result in 1) higher electrical resistivity and 2) 

lower thermal conductivity.  
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Figure 4.11 Plan-view TEM images of Bi2Te3-GST. 
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4.1.2. Switching by laser pulses 

 

Figure 4.6 shows the total energy of the power-time-effect (PTE) diagram 

used in this study. Careful approach for the analysis of this diagram is 

required. Though long pulse with small power and short pulse with large 

power may have similar total energy, actual temperature of these conditions 

under laser illumination can differ significantly because temperature is 

determined by the local balance of energy absorption and loss to the 

surroundings. Therefore, electro-thermal simulation with material parameters 

such as thermal conductivity and laser absorption depth are required for the 

extraction of real temperature. 

 

Figure 4.12 Total energy given by the laser of PTE used in this study 
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Because phase transition of GST is a thermal phenomenon, geometry of the 

device critically affects the phase transformation. Figure 4.7 shows the effect 

of the thickness of as-deposited GST on the laser-switching characteristics. 

There was little change of reflectance in 30 nm-thick GST. 10-nm thick GST 

showed smaller reflectance change than that of 100 nm-thick GST. This is an 

acceptable result considering the low thermal conductivity (0.14-0.29 W/m/K 

for amorphous GST). Thicker GST effectively blocks thermal conduction to 

the substrate and heat confined at the surface of GST effectively increases the 

temperature of GST. As a result, thickness of GST should be larger than 

critical value; in this study 70 nm is selected as a suitable thickness for static 

laser test. All the PTE diagrams of this study were normalized by the 

maximum value of the change of reflectance of each diagram, because there 

was a large deviation of the light intensity which sensitively depends on the 

focus step of the laser detector which was performed before acquiring PTE 

diagram. 
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Figure 4.13 Thickness dependence of the switching characteristics of non-doped 
GST. 
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In case of amorphization of crystalline GST (crystallization was made using 

annealing by 150oC-hot plate at ambient condition for 45 min), it was difficult 

to observe the reduction of reflection by amorphization. Among the samples 

for the amorphization experiment, only 100 nm-thick GST on thermal 100 

nm-thick SiO2/Si wafers showed drop of reflectance at high power ( > 60 

mW).  This region overlaps well with the melt-slow cooling region obtained 

from as-deposited GST on same substrate; this confirms that as-deposited 

GST melted and some portion of GST is amorphized at that region. 

Throughout this study, laser test is focused on the crystallization of as-

deposited GST. 
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Figure 4.14 PTE of pre-annealed GST. Only 100 nm-thick GST on SiO2/Si 
substrate showed RESET. 

 

 

Results of laser test with fixed thickness of 70 nm are shown in figure 4.9. 

As the doping amount of Bi2Te3 increases from 0 to 7.5 W, faster 

crystallization under large power (40~60 mW) and smaller power 

requirements of amorphization is observed. These results indicate 2 important 

results. Firstly, crystallization speed of Bi2Te3-doped GST is increased. This 

can be clearly seen when we fix the laser power to 50 mW and observe the 

change in reflectivity as a function of the laser width. Compared to GST, 

Bi2Te3-doped GST shows faster crystallization and required shorter pulse 

width of 64 ns for the increase of reflectance to 80% of the maximum value 
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for 5.4 atomic percent of Bi, which is 42 % of GST. In contrast, doping Bi2Te3 

does not change the crystallization speed with relatively long pulse with low 

power, which is seen in figure 4.9. Pulse width was fixed at 400 ns and at low 

power; there was little change in crystallization characteristics. These results 

can be explained based on TTT diagram of crystallization. Conventional TTT 

diagram tells that nucleation rate is enhanced if rise rate of temperature 

increases, but growth rate of grains shows maximum value at appropriate rate 

of heating and further increase of the heating rate results in the hindrance of 

the grain growth. [2] Because Bi2Te3 in GST is considered to increase the 

nucleation rate, at sufficiently high heating rate with high laser power, 

crystallization speed is thought to increase. But if the laser power is not 

sufficient to induce higher nucleation rate, there will be little change in 

crystallization behavior. Secondly, crystalline Bi2Te3-doped GST is thought to 

have lower thermal conductivity than that of GST. Center of the laser spot has 

the maximum temperature; as a result, when the laser power is increased 

enough to melt the phase change layer, central part of the illuminated region 

melts and circumference of the central region remains in crystalline phase. [3] 

As the doping concentration of Bi2Te3 increases, at high laser power (> 60 

mW), partial amorphization of the central region is observed which induces 

reduced reflectivity, which is not significant for GST. Because circumferential 

region of the laser spot is crystallized, if the thermal conductivity of the 

crystallized region is lower than GST, temperature of the central region will 

be higher, which induces the local melting; as a result, total reflectivity will be 

lower. This assumption will be confirmed by measuring thermal conductivity 

directly using 3-w method.  
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Figure 4.15 PTE diagrams of Bi2Te3-GST by laser pulses with various powers 
and pulse widths. 
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Figure 4.16 Switching characteristics of Bi2Te3-GST by laser pulse at fixed power 

(upper fig.) and fixed time (lower fig.), which shows the nucleation-enhanced 
crystallization of Bi2Te3-GST. 
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4.1.3. Activation energy for crystallization 

 

Activation energy for crystallization was measured using Johnson-Mehl-

Avrami-Kologorov (JMAK) equation under isothermal annealing. To measure 

the activation energy for crystallization, 4-point probe measurement with in-

situ heating was performed. During sheet resistance measurement, 

crystallization of the thin films is detected by the drop of resistance. When a 

crystalline conduction path forms within armorphous phase, a percolation path 

for electrical carriers is made and overall resistance of the films decreases. [4] 

Because formation of the percolation path is stochastic in nature, 

measurement was performed repeatedly and the results were analyzed 

statistically. Activation energy of crystallization can be extracted from a slope 

of linear fitting of ln t vs. 1/kT curve where t stands for the crystallization 

time and T is the measurement temperature. Crystallization time is the time 

needed for the resistance of thin films of interest to drop to selected value. 

2~10 % of the initial resistance is selected for the crystallization time. As the 

relative resistance for the evaluation of crystallization time increases, 

extracted activation energy of crystallization tends to increase. Early stage of 

crystallization is primarily determined by nucleation, which is reported to 

have incubation time which becomes longer at low temperature [5]. The 

existence of incubation time in GST is pointed out to be one of the most 

important factors to enable amorphization during quenching (temperature 

drop rate ~ 1010 K/s) because grain growth velocity of the undercooled GST 

droplet is too fast to become amorphous phase without incubation time of 

nuclei. [6] As a result, when activation energy of crystallization is measured at 
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low temperature (which is indeed the case of this experiment), calculated 

activation energy is higher than that measured value using longer annealing 

time with higher crystallinity, where crystallization is primarily determined by 

grain growth. In contrast to nucleation, grain growth does not show incubation 

time and fairly well described by Arrhenius relation. Therefore, time for 

crystallization was selected to be the value at which resistance of the film 

drops to 10 % of the initial value. This definition assumes that at a fixed 

relative resistance, the films have same crystalline volume fraction. If the 

GST and doped GST follows the same relationship between crystalline 

volume fraction and resistivity, this assumption can be valid. But non-doped 

GST and Sn-doped GST showed different relationship between crystalline 

volume fraction and resistivity; GST followed Wiener upper bound which 

indicates the parallel connection of amorphous and crystallization phase 

whereas Sn-doped GST could be described using crystallization by a random 

formation of prism-shaped crystallites. [7] Crystallization of GST is reported 

to occur firstly at the interface between the substrate and the film or at the 

surface, from which parallel connection of amorphous and crystalline phase at 

low crystalline volume fraction can be explained. In case of Sn-doped GST, 

faster crystallization and enlarged lattice parameter compared to non-doped 

GST [8] indicates that doping GST with Bi or Sn results in similar effect 

because Sn is believed to occupy Ge site due to the similar valence 

configuration of Ge and Sn while Bi is expected to replace part of Sb, which 

belongs to the same group of the periodic table as Bi. Also, binding energies 

of both Bi and Sn with other elements are reported to be lower than those of 

Sb and Ge. Therefore, it can be anticipated that there is an analogy between 
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the relationships of crystalline volume fraction versus resistivity of Bi and Sn 

doped GST. Wiener upper bound can be expressed by the following equation.  

 

σ(f,𝜎𝑎 ,𝜎𝑐) = (1 − 𝑓)𝜎𝑎 + 𝑓𝜎𝑐 

 

where f is the volume fraction of crystalline phase, σa and σc are the 

electrical conductivity of the amorphous and crystalline phase, respectively. In 

case of the crystallization by a random formation of prism-shaped crystallites, 

overall conductivity is expressed as 

 

σ(f,σ𝑎 ,𝜎𝑐) = �𝜎𝑎𝜎𝑐
𝜎𝑝 +�𝜎𝑎𝜎𝑐
σ𝑝′ + �𝜎𝑎𝜎𝑐

 

 

where 𝜎𝑝 = (1 − 𝑓)𝜎𝑎 + 𝑓𝜎𝑐 and 𝜎𝑐 = 𝑓𝜎𝑎 + (1 − 𝑓)𝜎𝑐. 

 

Following these equations, it can be concluded that non-doped GST and 

doped GST with the same relative resistance possess different crystalline 

volume fraction; in case of Wiener upper bound, 18% of the total volume 

should be crystallized for the resistance to decrease down to 10 % of the 

initial value while with prism-shaped crystallites 61 % of the total volume 

needs to be crystallized for 10 % of the initial resistance. When the 61 

volume % of Wiener upper limit-type material crystallizes, its resistance drops 

down to 3.3 % of the initial value. Therefore, activation energy of 

crystallization of GST should extracted using time required for the 3 % of the 
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initial resistance while doped GST used time for the resistance drop to 10 % 

of the initial value. But, the activation energy of crystallization of non-doped 

GST was found to be independent of the selected time; the difference of 

activation energy of crystallization between 2 % of the initial resistance and 

10 % of the initial resistance is about 2 ~ 6 %. This result indicates that when 

the crystalline volume fraction exceeds a certain value (which is believed to 

be larger than 18 % for non-doped GST), both nucleation and growth rate of 

the crystalline phase becomes stabilized and meets the Arrhenius relation, 

which is reflected in the saturated activation energy of crystallization. As a 

result, in this study crystallization time was chosen to be the time at which the 

resistance drops down to 10 % of the initial value though the crystalline 

volume fraction of the annealed films during those periods did not coincide.  

  

Figure 4.11 shows the results of non-doped GST with and without 5 nm-

thick sputter-SiO2 passivation layers. There was no large change in activation 

energy of crystallization between with and without passivation layer. SiO2-

passivated films showed shorter time for crystallization; SiO2/GST interface is 

preferred region of nucleation [9], and doubling the area of SiO2/GST 

interface resulted in the decrease of the crystallization time. But there was no 

decrease of the activation energy of crystallization, which indicates that there 

was no change in the crystallization mechanism. From now on, all the 

measurement was performed using sputter-SiO2 passivated thin films.  
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Figure 4.17 Sheet resistance vs. time curves of non-doped GST with/without SiO2 
passivation layer. Slopes of the left figures mean the activation of crystallization. 

 

 

Figure 4.12 shows the crystallization of Bi2Te3-doped GST thin films. As 

the doping concentration of Bi2Te3 increased, activation energy of 

crystallization decreased. Low bonding enthalpy of Bi with other elements 

results in the decreased viscosity of amorphous phase, which enhances the 

nucleation and growth rate of crystalline nuclei. [10] This is reflected in the 

decreased activation energy of crystallization which results in the increase of 

the crystallization speed of Bi2Te3-doped GST.  
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Figure 4.18 Sheet resistance vs. time curves of Bi2Te3-GST as a function of 
sputtering power of Bi2Te3. Slopes of the left figures mean the activation of 

crystallization. 
 

Bonding energy is reflected in the activation energy of crystallization. 

Figure 4.13 shows the lnt vs. time and Arrhenius plots of Sb2Te3/GeTe/SiO2-

doped GST. Average bonding energy increases as the Sb2Te3 increases or as 

the GeTe decreases. SiO2 is reported to segregate at the grain boundary and 
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inhibit grain growth by disrupting the atomic movement. [11] These effects 

are reflected in the experimentally obtained activation energy; GeTe and SiO2 

increased the activation energy while it is decreased by doping Sb2Te3.  

 

 

Table 4.1 Summary of the activation of crystallization. Crystallization time 

was set to be the time at which resistance reaches 10 % of Rinitial 

 Ea (eV) 

Non-doped GST 2.77 

Bi2Te3 1.4 at. % GST 2.55 

Bi2Te3 3.9 at. % GST 2.15 

Bi2Te3 5.5 at. % GST 2.00 

Sb2Te3 4.1 W –GST  

(same Ge/Te concentration  

as that of Bi2Te3 3.9 at.% GST) 

2.67 

Sb2Te3 7.5 W – GST  

(same Ge/Te concentration  

as that of Bi2Te3 5.5 at.% GST) 

2.28 

SiO2 1 at. % GST 3.50 

GeTe 7.5W –GST  3.37 
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Figure 4.19 Sheet resistance vs. time curves of Sb2Te3/GeTe/SiO2 doped GST. 
Slopes of the left figures mean the activation of crystallization. 
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Figure 4.20 Comparison of activation energy of crystallization between Bi2Te3-
doped GST and Sb2Te3-doped GST with the same amount of added group V 

element (Bi in case of Bi2Te3, Sb in case of Sb2Te3) 
 

 

Figure 4.14 shows the relationship between concentration of the added 

atoms and activation energy of crystallization of Bi2Te3-doped GST and 

Sb2Te3-doped GST. Because the composition of Bi(or Sb)2Te3-doped GST lies 

on the pseudo-binary line between GeTe-(Sb,Bi)2Te3, it is expected that Te 

concentration did not vary after doping and the change of activation energy 

can be attributed to the effect of Bi(or Sb) addition; therefore, comparison 

between Bi2Te3-doped GST and Sb2Te3-doped GST is expected to show the 

effect of Bi addition, excluding the effect of the change of Te concentration.  

Both Bi2Te3 and Sb2Te3 resulted in the decrease of the activation energy of 

crystallization; the activation energy of Bi2Te3-doped GST is slightly lower 

than that of Sb2Te3-doped GST because of the lower binding enthalpy of Bi-
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Te (55.5±2.7 kcal/mol) than Sb-Te (66.3±0.9 kcal/mol). For 4.1 at. % of Bi (or 

Sb), reduction of the activation energy by Bi is 4.5 % (from 2.67 to 2.55 eV). 

If activation energy of crystallization is assumed to be proportional to the 

binding enthalpy of the constituting atoms, by replacing 15.6 % of the Sb with 

Bi (4.1 at.% addition of Bi to GST instead of Sb), 2.5 % of the decrease of the 

activation energy of crystallization can be expected; observed decrease of the 

activation energy also include the portion due to the increased concentration 

of Te by doping Sb2Te3 or Bi2Te3 to GST.  

Because the difference of the activation energy between Sb2Te3-doped and 

Bi2Te3-doped GST is only 4.5 %, it cannot explain the large reduction of the 

crystallization time of Bi2Te3-doped GST. Figure 4.15 shows the change of the 

crystallization time with composition. In Sb2Te3-doped GST crystallization 

time for Ge1Sb2Te4 which is a mixture of equal molar amount of GST and 

Sb2Te3 was about 80 % of non-doped GST. In contrast, Bi2Te3-doped GST 

with 3.9 at. % of Bi which can be described as (Bi2Te3)0.16(GST)0.84 needed 42 % 

of crystallization time of non-doped GST. This indicates that increase of the 

crystallization speed cannot be explained with the slight decrease of the 

activation energy of crystallization. A kinetic factor which is not reflected in 

the activation energy of crystallization is required to explain the large 

decrease of the crystallization time; the most probable factor is the incubation 

time for crystallization. Because the JMAK formulation does not include the 

incubation time for crystallization, it cannot be included in the activation 

energy of crystallization even though existence of a significant incubation 

time of non-doped GST was reported in the literature. [6] The incubation time 

of GST is closely related to the viscosity of the amorphous phase, which 
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determines the jump rate of the atoms within amorphous materials. Atomic 

jump rate for the growth of grains is expressed by the following equation [10].  

Γ𝑔𝑛 = 𝑞(𝜃) ∙ 𝑐𝑔(𝑙) ∙ γ ∙ exp (−
∆G(n)
2𝑘𝐵𝑇

) 

where q(θ) = 1−𝑐𝑡𝑠𝜃
2

, 𝑐𝑔(𝑙) = 4π(3𝑛
4𝜋

)2/3 , θ is the wetting angle of a 

spherical cap (crystalline grain nucleated on the interface), cg(n) is the surface 

area of the grain composed of n monomers, and ΔG is(n) the change of the 

Gibbs free energy upon the nucleation of a grain with n monomers. The 

viscosity is linearly proportional to the atomic jump rate, and the viscosity is 

closely related to the binding energy of the constituting atoms of the 

amorphous phase. This reduction of viscosity is expected to decrease the 

incubation time for crystallization, which does not follow the Arrhenius 

relation and is not reflected to the activation energy of crystallization. From 

these considerations, it can be concluded that by doping GST with Bi using 

Bi2Te3 crystallization time is decreased because of the reduction of the 

viscosity and resultant decrease of the incubation time of crystallization. 
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Figure 4.21 The composition of Bi2Te3-doped GST which showed the reduction of 
the crystallization time to 42 % of the non-doped GST. The ternary phase 

diagram (which focuses on the pseudo-binary line of GeTe-Sb2Te3) was 
overlapped with that from [12] in which crystallization was tested using 8 mW-

laser pulses. 
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4.1.4. Thermal conductivity measurement by 3ω method 

 

Thermal conductivity of Bi2Te3-doped GST was measured using 3-w 

method. Though the dimension of 3-w pattern is designed to be fixed, (width 

of the heater line = 32 μm, length of the heater = 1,000 μm) deviation of the 

dimensions existed because of the fluctuation of the device fabrication-

condition; therefore, dimension of the every device fabricated should be 

checked using optical microscope; measured area varies from 33,852 μm2 to 

36,951 μm2. Also, the resistance and temperature coefficient of resistance of 

each device should be checked independently. Resistance of the metal line 

was calculated by measuring voltage drop across the metal line while 1 mA 

current is forced to flow. This measurement was performed at 37 oC, 47oC, 

and 57 oC to extract the temperature dependence of the resistance of the metal 

line. Results are summarized in figure 4.16. 
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Figure 4.22 Temperature dependence of the resistance of pad metal (Ti 20 nm 
/Au 80 nm stack). This slope is used to calculated surface temperature-oscillation 

amplitude of 3ω measurement 
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Cross-section TEM images of the fabricated devices are shown in figure 

4.17. Polycrystalline nature of the annealed GST is evident, and grains 

elongated along the thickness direction are observed. Selected area electron 

diffraction pattern indicates the formation of metastable FCC phase and shows 

the spots and faint rings which is a characteristic of polycrystalline material. 

All the rings match with those of FCC GST and crystalline Au and Ti, and the 

information of the diffraction spots and rings are summarized in the attached 

table in figure 4.18. From these results, it can be concluded that fabrication of 

3-w pattern is successful.  

 

 

Figure 4.23 microstructure of the fabricated 3-w pattern using cross-sectional 
TEM 
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Figure 4.24 selected area diffraction pattern of 3-w sample. Inset table shows the 
indexing of observed diffraction dots and rings and they confirm the 

polycrystalline nature of GST, Au and Ti. 
 

Measured ∆T
𝐿

 is shown in figure 4.19. Slope of this graph (∆T
𝐿

 vs. 

frequency) is determined by the thermal conductivity of the substrate [13]. 

Because all the samples are fabricated on the same substrate (thermally 

oxidized Si wafer, SiO2 thickness: 100 nm), slopes are similar. ∆T
𝐿

 of non-

doped GST is lower than that of Bi2Te3-doped GST; this means that when the 

same power is given to the metal heater line, surface temperature of Bi2Te3-

doped GST is higher than that of non-doped GST. This result indicates that 

thermal conductivity of Bi2Te3-doped GST is lower than that of non-doped 

GST; as a result, thermal loss becomes smaller for Bi2Te3-doped GST and 
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surface temperature difference between the sample with and without films of 

interest gets larger for Bi2Te3-doped GST than non-doped GST. By using the 

∆T
𝐿

 value at 100 Hz and using equations in chapter 3.5, thermal conductivity 

can be calculated. This result is shown in the fig. 4.15. 

 

 

 

Figure 4.25 Measured ∆𝐓
𝐏

 vs. frequency of non-doped and Bi2Te3-doped GST. 
Extracted thermal conductivity of each films (both in FCC phase) is given in the 

lower table 
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The origin of the reduction of thermal conductivity can be attributed to 

several reasons. Firstly, reduction of the grain size works to decrease the 

thermal conductivity because grain boundary acts as a scattering center for 

phonons as well as charged carriers. Recently amorphous regions between the 

crystalline grains are reported as a source to lower the thermal conductivity of 

GST. [14] One thing to pay attention to is that smaller grain size itself cannot 

explain the decrease of thermal conductivity because the phonon mean free 

path of non-doped GST is less than 1 nm, which is much smaller than the 

observed grain sizes of GST and Bi2Te3-doped GST. [14] Secondly, Bi atoms 

inside of the lattice of the FCC phase can decrease the thermal conductivity of 

GST. In FCC GST, local distortion of Ge and Sb is believed to cause large 

photon scattering, while fixed Te backbone allows electrical conduction. By 

inserting Bi atoms to Ge/Sb sites of GST, large atomic mass contrast between 

Bi (208.98 amu) and Ge(72.61 amu)/Sb(121.75 amu) further reduces the 

thermal conductivity. [15] 
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4.2. Si-As-Te thin films for the application of selector 

devices of crossbar array of resistance switching random 

access memory  

 

4.2.1. Crystallization by ex-situ heating 

 

Si-As-Te thin film is expected to have high crystallization temperature than 

chalcogenide films used for phase change memory while maintaining 

threshold-switching characteristics of the current-voltage sweep. The reason 

for the higher crystallization temperature is attributed to the high bonding 

enthalpy of the constituent atoms. Table 4.2 summarizes the bonding enthalpy 

of the elements forming chalcogenide films for threshold switch application. 

[16] 

 

 

Table 4.2. Bonding enthalpy of selected group IV, V, and VI atoms 

Bonding Bonding enthalpy (kcal/mol) 

Si-As 39.2 

Si-Te 38.5 

As-Te 32.7 

Te-Te 33.0 

Ge-Te 35.5 

Sb-Te 31.6 
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Figure 4.20 shows the current-voltage curves of 100 nm-thick GeTe. Before 

depositing GeTe, 100 nm-thick Pt was sputter-deposited as a bottom electrode. 

Area of the top Pt electrode (fabricated by conventional lift-off) ranged from 

6,000 to 20,000 μm2. As-deposited GeTe was found to be amorphous and the 

first current-voltage sweep showed threshold switching using current-sweep 

mode. But at subsequent sweeps threshold switching was not found and 

resistance of the GeTe continuously increased and finally Ohmic conduction 

with linear current-voltage characteristics was observed. These results reveals 

that when sufficient current ( > 4 mA) flows through the amorphous GeTe, 

GeTe along the current path crystallizes; as a result, resistance of GeTe sticks 

to low value and repeatable threshold switching is inhibited. Aging effect of 

the current path was also observed. 4th sweep in figure 4.20 shows aging of 

the current-conduction path. After one hour of aging at an ambient condition, 

linear current-voltage graph became non-linear and threshold switching 

characteristics was partially recovered. This instability can be explained in 

several ways; 1) crystalline conducting path is spontaneously transformed to 

amorphous phase due to its large area/volume ratio 2) as time goes by, trap 

site filled with electrons or holes can emit free carriers and becomes 

electrically active trapping site, which increases the resistance of the film. The 

exact reason is not clear, but it is clear that GeTe cannot act as a stable 

threshold switch.  
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Figure 4.26 Current-voltage curves of GeTe thin films. Stable threshold 
switching was not observed during repeating static current-voltage sweeps.  
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In this study, Si-As-Te thin film is selected as a stable material for threshold 

switch. Thermal stability and endurance characteristics of Si-As-Te threshold 

switching thin film were studied. Processing conditions and resultant 

compositions of Si-As-Te thin films are summarized in the following table 4.3.  

 

 

Table 4.3. Sputtering powers and compositions of the films in this study 

Power to each target Composition (at. %) 

Si     As     Te Si     As     Te 

 61 W   32 W  RF 40 W 22.0    39.0    39.0 

 61 W   8 W   RF 40 W 30.3    35.9    33.8 

 61 W   20 W  RF 12 W 40.2    33.0    26.8 

 

 

Figure 4.21 shows XRD results of as-deposited and annealed Si-As-Te thin 

films. Hot plate was used for annealing at 250 oC at air condition. As-

deposited films were found to be amorphous, but shows broad peak; this wide 

peak appears as the crosslinking element Si is reduced and this can be related 

to the formation of nanocrystals. 2θ value of the broad peak is about 28.6o 

(corresponding to the interplanar spacing of 0.312 nm), which is similar to the 

(012) reflection of Sb (interplanar spacing: 0.302 nm, 2θ by Cu Kα radiation: 

28.7o), (111) reflection of Ge (interplanar spacing: 0.327 nm, 2θ by Cu Kα 

radiation: 27.3o), and (101) reflection of Te (interplanar spacing: 0.323 nm, 2θ 

by Cu Kα radiation: 27.6o). All the three peaks are expected to contribute to 
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the broad peaks of amorphous Si-As-Te thin film. Another broad peak at 

about 54.3o is attributed to Si (311) reflection usually observed when Si 

substrate is used for glancing-incidence configuration of X-ray diffraction. 

When the Si-As-Te thin films are annealed at 250 oC for 5 min, only the 

crystalline peaks of Te was observed at various compositions of Si-As-Te 

compound thin films. There was no intermetallic compound of Si-As-Te and 

crystallization was performed in two steps; firstly Te atoms diffused and 

agglomerated and finally segregated Te became crystallized. Because of the 

deficiency of the intermetallic crystalline phases of Si-As-Te ternary thin 

films, diffusion of atoms is required to lower Gibbs free energy by 

crystallization of Te; as a result, crystallization speed of Si-As-Te is believed 

to be slower than other chalcogenides with intermetallic crystalline phases 

such as Ge2Sb2Te5. Therefore, thermal stability of Si-As-Te thin films during 

switching operation is expected to be better than chalcogenide materials used 

for phase change memory.  

The role of Si on the thermal stability of Si-As-Te thin films is studied by 

increasing concentration of Si from a fixed composition. From the 

composition marked by 1 in figure 4.21, Si concentration was increased to the 

composition 4. Ex-situ sheet resistance measurement (5 min-annealing at each 

temperature using hot plate at ambient) revealed that crystallization 

temperature increased from 175 oC for the composition 1 to 250 oC for the 

composition 4. From these results, it can be concluded that more bonding 

made by Si resulted in the increased thermal stability of the Si-As-Te thin 

films. 
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Figure 4.27 Compositions and glancing incidence X-ray diffraction of Si-As-Te 
thin films. All the as-deposited films are in amorphous phase. After annealing at 

250 oC for 5 min, segregation and crystallization of Te is observed. 
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Figure 4.28 The effect of Si addition on the stability of amorphous phase of Si-
As-Te thin film 
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The effect of As and Si on the thermal stability of Si-As-Te thin films was 

tested by increasing As and Si concentration from the composition 4 in figure 

4.23. Because As and Si are referred to as crosslinking elements due to its 

higher coordination number (3 and 4, respectively) than Te, increasing the 

concentration of As and Si can be expected to increase the stability of 

amorphous phase of Si-As-Te. All the films in this annealing test were found 

to have sheet resistance higher than the measurement limit of our 4-point 

probe ( > 200MΩ); this indicates that electrically active trap density decreased 

as the backbone of the atomic network of amorphous Si-As-Te became too 

rigid to allow charged traps such as valence alternation pairs (VAPs) [17]; as a 

result, Si-As-Te thin film resembled conventional dielectric thin films and 

became insulating. Partial crystallization was observed for films of the 

composition 4 and 6; all the peaks were originated from Te.  
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Figure 4.29 Effects of increased concentration of Si and As: stabilization of the 
amorphous phase is shown. 
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4.2.2. Composition control to achieve threshold switching  

 

Figure 4.24 shows the compositions at which TS were observed. Among 

the films with various compositions, compositions indexed with red sphere 

showed TS. In Si-As-Te alloy, Si and As act as an amorphous phase stabilizer 

because Si and As can make more bonds ( 4 and 3, respectively ) than divalent 

Te considering 8-N rule and these excess bonds link the Te chains which 

exists in amorphous Te. But excess amount of Si and As makes film insulating 

and rigid. Rigid atomic bond is hard to be relaxed by local deformation or 

twisting of the atomic network. As a result, formation of the charged valence 

alteration pairs (VAP) becomes difficult which requires negative effective 

correlation energy. It is reported that negative correlation energy is possible in 

chalcogenide glasses whose structural network is flexible to allow electron-

phonon interaction which stabilizes charged defects and makes correlation 

energy negative. [17] As a result, films with excess concentration of Si and As 

showed only breakdown which is usually observed in dielectric materials 

under high electric field. Small concentration of Si (< 4.5 at. %) and As (< 

12.5 at. %) resulted in linear current-voltage characteristics without TS. Low 

concentration of cross-linking element (Si and As) makes the film leaky 

because of the easy activation of free electrons through Te chains which is 

unperturbed by Si and As. Afterwards, we will focus our discussion to the 

composition 1, 2 and 3 which lies on the pseudo binary line between the 

composition 1 and element Te. These compositions are in red squares on 

figure 4.24. 
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Figure 4.30 Compositions of Si-As-Te thin films tested in this study. Only 
composition indexed with spheres showed repeated threshold switching. 

 

 

 

 

 



 

137 
 

Figure 4.25 shows the current density as a function of device area. Pulse 

measurement was done to avoid Joule-heating-related problems which induce 

crystallization during static current-voltage characterization at high current (> 

20 mA). 200 ns voltage pulse was applied to metal (Pt) –insulator (Si-As-Te 

alloy) –metal (Pt) capacitors. TS can be detected by the abrupt increase of the 

voltage drop on the oscilloscope which results from the voltage redistribution 

by the decrease of the resistance of the Si-As-Te thin film. Current density 

increased as the device area decreases, and absolute current value at the 

voltage 1.5 V higher than the threshold voltage was found to be little 

dependent on the device area. (Measured current was 28 mA for crossbar 

devices and 18 mA for dot-patterned devices. Due to the square-shaped 

electrode of the crossbar device, electric field crowding effect is believed to 

be higher in crossbar than dot-shaped device. As a result, absolute value of the 

current was higher in crossbar device than capacitor device.) From this graph, 

current path of the Si-As-Te thin film after TS is found to be localized as the 

previous reports demonstrated [18].  
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Figure 4.31 Extraction of current density as a function of area using voltage 
pulses. 
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4.2.3. Composition dependence of switching parameters  

 

Figure 4.26 shows the current-voltage curves of the composition 1 of figure 

4.24. Threshold and holding voltages (Vth and Vh, respectively) are 

summarized in upper right figure of figure 4.27. As the composition goes from 

1 to 3, Te concentration increases from the composition 1. Variation of the Vth 

and Vh can be explained based on the analytic model by Redealli et al. [19] In 

this model, TS of chacogenide thin films is explained based on the 

competition between Shockley-Reed-Hill recombination and generation 

mechanism which is dependent on carrier concentration and electric field. 

Detailed equations of recombination and generation are as follows. 

 

    (1) 

     (2) 

    (3) 

 

where Rn and Rp are the recombination rate of electrons and holes, 

respectively. αn and αp are recombination coefficients of charged defects to 

capture electron and neutral defects to capture holes. C3
+, C3

0, n and p stand 

for concentration of charged defects, neutral defects, electrons and holes, 

respectively. G, A and E are generation rate, effective generation coefficient 

and electric field. Equating these equations leads to the n/p as a quadratic 
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function of electric field. Holding condition (conducting state at which 

voltage drop along the chalcogenide converges to Vh) corresponds to the 

situation at which n/p becomes 1 and resultant current density goes to infinity. 

At TS condition, solution of n/p is single-valued.   From these 

considerations, Eth (threshold field) and Eh (holding field) can be expressed as 

    (4) 

  (5) 

where C3
tot is the sum of C3

0 and C3
+. From these equations, we can see that 

Vth and Vh are related to total defect concentration and recombination 

coefficients of carriers.  

 

Qualitative understanding on the threshold and holding effect can be made 

as follows. With the increasing bias, electrons and holes are doubly injected 

from cathode and anode interfaces, and then combined with the traps. 

Electrons combine preferably with the charged defects (C3
+). When Vth is 

reached, most of the C3
+ centers already trap electrons, and the carrier 

trapping by charged defects becomes no more active, which can induce the 

abrupt increase in current at this voltage. This is similar to the trap filling limit 

(TFL) in the space charge limited current (SCLC) mechanism of a defective 

insulator with a rather larger band-gap. [20] The primary difference between 
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the SCLC and TS lies in the following. As can be understood from Eq. (3), the 

carrier density further increases due to the increased generation rate of carriers, 

which exceeds the recombination rate due to the reduced concentration of 

charged defects and increased n and p values at V > Vth. This is due to the 

relatively small band gap of these materials, which renders the SRH-type 

generation feasible. Then, the current abruptly increases, and the TS ON state 

is reached. When the (absolute) voltage decreases from the TS ON state, the 

current decreases, but it does not go back to the very low level (OFF-state 

current), even at V < Vth, due to the negative interaction energy between the 

charge trap centers and carriers. This negative interaction energy retains the 

trapped carriers, and, thus, the generation rate still exceeds the recombination 

rate at voltages between Vth and Vh. The highly increased carrier density at V 

> Vth also contributes to maintaining the high generation rate in that V region. 

This results in the hysteretic I-V curves shown in Fig. 4.26, which can be used 

as the TS switch. Such a hysteretic behavior cannot be expected with SCLC, 

where the current drops down to the original value at the TFL voltage during 

the voltage decrease. When the voltage becomes lower than Vh, excess 

carriers recombine and the film turns into the OFF state, where generation, 

recombination rates, and concentration of carriers are all decreased. Such a TS 

behavior is usually accompanied with the negative differential resistance 

effect in the current sweep mode. [21] The figure 4.26 shows the comparison 

between the current-sweep and voltage-sweep I-V curves of sample # 1. This 

clearly shows that the Vth and Vh estimated in each measurement mode are 

consistent, suggesting the validity of the proposed model. 
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Figure 4.32 Comparison of the voltage and current sweep of Si-As-Te threshold 
switch 

 

Table 4.4 Parameters for analytical calculation of TS current-voltage curves 

Sample 

index 

Na (cm-

3)a 

C3
tot (cm-3) A 

(V×cm/s) 

αn (cm3/s) αp (cm3/s) 

1 1018 8×1017 105  

10-7 

 

10-9 2 1019 8×1018 5×105 

3 1020 8×1019 2×107 

a Na stands for the number of acceptors. This is required to mimic p-type 

conductivity of the amorphous chalcogenide material at low field.  
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As Te concentration increases from the composition 1 to 2 total defect 

concentration increases because major defects of Si-As-Te thin film is VAP 

and VAP are directly related the lone-pair electrons of Te. [22] As a result, Vth 

and Vh were increased as concentration of Te increased. Further increase of 

the Te concentration (from the composition 2 to 3) results in higher 

concentration of defects. But as the Te concentration increases, generation of 

the carriers are believed to increase because increased concentration of Te is 

reported to decrease band gap. [23] As a result, constant A in equation (3) 

increases and this results in the higher OFF-state current and lower Vth than 

those of films with composition 2. Lower right figure of fig. 4.27 shows the 

calculated current-voltage curves following schemes of Radealli et al. [19] 

with parameters summarized in table 4.4. Theses parameters are based on the 

values from the literatures [18, 19] and assumes the exponential increase of 

the defect pairs as the average binding energy decreases by increasing the Te 

concentration because the concentration of defect pairs follows Boltzmann 

distribution, the activation energy of which is proportional to the average 

binding energy of the amorphous phase; as a result, the linear increase of the 

Te concentration results in the exponential increase of the VAP pairs. Lower 

right figure of fig. 4.27 shows the reproduced dependency of switching 

parameters on defect concentration and effective generation coefficient. Note 

for the discrepancy of holding field between calculated and measured values. 

Analytic calculation based on simple model fails to explain the composition 

independence of holding field. This can be attributed to the difference of the 

field distribution within the chalcogenide thin film before ON (low resistance 

state when the applied voltage exceeds Vth) and OFF (high resistance state 
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when the applied voltage is smaller than Vth) state. After TS thin film turns 

into ON state, most of the voltage drop is known to occur near contact regions. 

Consequently generation is restricted to regions near the electrodes, and Vh 

becomes independent of the thickness of the film. [24] From these 

considerations, we can conclude that Vth does not vary significantly within the 

films of same thickness with the composition 1, 2 and 3.  
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Figure 4.33 Current-voltage characteristics of the Si-As-Te thin films with 
composition 1, 2, and 3 of fig. 4.24. Calculated curves are based on the equations 

given in the text. 
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Figure 4.34 left) Independence of the holding voltage on the composition right) 
independence of the holding voltage on the thickness of chalcogenides. [24] 
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4.2.4. Serial connection of threshold switch and resistive switching memory  

 

Upper left figure of fig. 4.29 shows I-V curves of individual threshold 

switch (selector device) and TiO2 resistive switching memory, and that of the 

serially connected sample is shown in right figure of fig. 4.29 (See the lower 

left figure for the connection configuration). Highly symmetrical memory and 

TS switching behaviors can be seen in upper left figure of fig. 4.29. The 

switching performance of the serially connected sample was examined by 

sweeping the voltage from 0 V to +4 V, to -4 V and back to 0 V as guided by 

the black arrows in right figure of fig. 4.29. The memory was switched several 

times before this test to make its resistance of high-resistance state (HRS) 

similar to that of OFF state TS switch. When positive bias was applied, a low 

current was observed up to the Vth of this series sample due to the HRS and 

OFF state of the memory and switch. After the Vth was reached current jumps 

slightly due to the TS ON but the current level is not high enough because the 

memory is still in HRS. At SET voltage of this serial sample, the current 

reached to the compliance level (5 mA). Due to the presence of two 

components, the voltage was distributed over them with a similar magnitude. 

As a result, Vth (3.11V) and SET voltage (3.68 V) was increased compared to 

those of unconnected selector and memory device (1.49 V and 1.56 V, 

respectively). During decreasing the positive bias, switch stayed in ON state 

only up to 0.95 V, which is the Vh of the serial sample, and current decreases 

to the OFF level of switch at V < 0.95 V even though the memory still stays in 

low-resistance state (LRS). Because the resistances of LRS memory and ON 

switch are similar, the Vh of the serial sample was almost double of that of TS 
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switch itself (0.58 V). When decreasing the bias into the negative direction, 

the TS was observed at a negative Vth of -1.44 V. This (absolute value) 

negative Vth is similar to the Vth of the TS switch itself but much lower than 

the positive Vth (3.1 V) of the series sample. This is because the memory is in 

LRS in this case, and, as a result, the voltage drop over the memory is much 

smaller. Further decrease in V without applying the current compliance (for 

the RESET of memory) induced a sudden drop in current at -3.6 V due to 

RESET of the memory. It must be noted that TS switch is in ON state here, 

and, so, the I-V curve follows that of memory down to negative Vh of the 

serial sample, which is -2.5 V. This value is more negative than the value of 

the TS switch itself (-1.6 V) due to the presence of HRS memory in series. An 

interesting finding is that the Vh of the serial sample is found to be more 

negative than the Vth in this bias direction, which is a different tendency from 

that of the switch itself as well as that of the serial sample in the positive bias 

direction. However, this can be completely understood from the memory 

switching action of TiO2 memory.  

The functionality of this TS switch was estimated by comparing the LRS 

current of memory and overall current of the serial sample at typical read 

voltage (±0.5V). The LRS current of the TiO2 memory was 1.32 and -2.32 mA 

at ±0.5V, while the serial sample showed 26.9 and -30.8 μA at the same 

voltage, meaning that a ~ 120 times reduction of the leakage current is 

achieved by the serial connection of the ReRAM and threshold switch. Even 

though this is not a high enough number for the ultra-high density block 

density of crossbar array ReRAM, [25] it is still a viable value for the bipolar-

type cell with a relatively small block size. 
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Figure 4.35 Serial connection of TiO2 unipolar memory and Si-As-Te threshold 
switch. upper left) current-voltage curves of individual memory and switch. 
upper right) current-voltage curves of serially connected device. lower left) 
measurement set-up. lower right) table summarizing the leakage current 

with/without the selector device. 
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Figure 4.36 Detailed states of the selector and memory of figure 4.29; switching 
element changes its resistance during current-voltage sweep at the specific stage 

while stationary does not experience any change. 
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4.2.5. Endurance 

 

Endurance performance of SiAsTe threshold switch was tested by 200 ns-

long voltage pulses. First, OFF-state was confirmed by 2 V pulse. In this case, 

threshold switching was not made and SiAsTe thin film remained in high-

resistance state. Therefore, almost all the applied voltage was on the SiAsTe 

thin film and voltage drop on the oscilloscope was negligible, as shown in 

figure 4.30. In contrast, when 2.5 V voltage pulse is injected to SiAsTe thin 

film, threshold switching occurred. As a result, there was a significant drop of 

resistance in SiAsTe thin film, whose resistance is comparable to that of 

oscilloscope (50 Ohm), and resultant voltage redistribution is shown in upper 

left of figure 4.30. By comparing the voltage of bypass (voltage pulse is 

directly injected to oscilloscope) and OTS (voltage pulse passes through 

serially connected SiAsTe thin film and oscilloscope), resistance of ON-state 

SiAsTe thin film can be extracted. OFF-state resistance of SiAsTe thin film 

can be calculated by measuring the current at 0.1 V using semiconductor 

parameter analyzer. The result is summarized in right of figure 4.30. There 

was little degradation of OFF and ON-state resistance up to 1200 cycles (one 

cycle is composed of a 2 V and a 3 V pulse). This demonstrates that SiAsTe 

threshold switch has good endurance characteristics, which is comparable or 

superior to that of conventional unipolar TiO2 resistive switching memories. 

Therefore, it is reasonable to think that the failure of the serially connected 

device is thought to be determined by TiO2 memory, not by SiAsTe threshold 

switch. From these considerations, it can be concluded that endurance 

characteristics of SiAsTe threshold switch is sufficient for the application of a 
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selector device.  

 

 

 

 

 

. 

 

Figure 4.37 Endurance characterization using voltage pulse; voltage pulses 
larger than threshold voltage is applied, and subsequent voltage pulse smaller 

than threshold voltage is injected in an alternating manner to validate the 
ON/OFF of the threshold switch. 
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V. Conclusion  

 

By varying the constituting group IV and V elements and composition of 

the compounds of tellurides based on the VI element Te, application of these 

materials for next-generation non-volatile memory was pursued. For the 

application of phase change random access memory, IV and V-group elements 

with low binding energy such as Ge and Sb are selected as the constituting 

elements; the most widely studied phase change material is Ge2Sb2Te5 the 

composition of which lies on the pseudo-binary line between GeTe and Sb2Te3. 

By partially replacing Sb of Ge2Sb2Te5 with Bi, faster crystallization speed 

can be achieved. For the application of threshold switch for crossbar array of 

resistive switching memory, to inhibit crystallization during ON-state 

conduction, group IV and V elements with higher binding energy such as Si 

and As are selected to compose the threshold switch, Si-As-Te thin film. 

 

Firstly, Bi is doped to Ge2Sb2Te5 (GST) by incorporating Bi2Te3 to GST. 

Crystallization speed of 5 at.% Bi2Te3-GST is 64 ns at the laser power of 50 

mW, 42% of that of GST. RESET voltage of 5 at.% Bi2Te3-GST is reduced to 

40 % of that of GST and width of SET voltage pulse is 37 % of that of GST. 

Decrease of activation energy of crystallization from 2.77 (non-doped GST) 

to 2.15 eV (5 at.% Bi2Te3-GST) and reduction of thermal conductivity from 

0.63 (non-doped GST) to 0.51 W/K/m (5 at. % Bi2Te3-GST) is demonstrated 

as the reason for the better device performance of Bi2Te3-GST. Lower bonding 

enthalpy of Bi-Te reduces the viscosity of amorphous and liquid phase; 
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therefore, both nucleation and growth rate of crystalline nuclei increased and 

crystallization speed is increased. Also, Bi atoms within the Ge/Sb sites of 

FCC phase increased the phonon scattering, and more scattering resulted in 

the decrease of the thermal conductivity. Lower thermal conductivity 

decreased the power requirements for melting crystalline Bi2Te3-GST by 

suppressing thermal loss to outside of the switching region.  

 

Secondly, amorphous Si-As-Te thin films were studied for threshold-switch 

application. Higher bonding enthalpy of Si and As, together with the absence 

of crystalline phase of Si-As-Te with the same composition, enhanced thermal 

stability of the film. Among the constituting elements Te segregated and 

crystallized at larger than 150 oC for longer than 5 min. Characteristics of the 

threshold switching is primarily determined by the composition of Si-As-Te 

thin film. Excess concentration of Si or As resulted in the absence of threshold 

switching; only dielectric breakdown was observed. Too much cross-linking 

elements made the atomic network rigid, and charged defects such as valence 

alternation pairs (which is required for threshold switching) decreased, which 

makes the film usual dielectric without threshold switching. Study about the 

composition on the pseudo-binary line with the end composition of 

Si22As39Te39 and elemental Te revealed two phenomenons; firstly, as the Te 

concentration increases concentration of VAP increased by the reason 

described above. Secondly, bandgap of the chalcogenide decreased and 

electrical carrier-generation rate increased. Based on these assumptions 

Schokley-Read-Hall model was applied to Si-As-Te thin films. Serial 

connection of unipolar TiO2 memory and Si22As39Te39 threshold switching 
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thin film showed the reduction of the leakage current (memory ON, threshold 

switch OFF) by about 120 times from 1.32 mA to 26.9 uA at 0.5 V, which 

shows that Si-As-Te thin films can act as a selector device for crossbar array 

of resistance switching memory.  
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Abstract (in Korean) 

 

4, 5, 6족 원소 화합물 – 6족 원소를 기반으로 한 chalcogenide 계열의 화합물 – 의 원소 

및 조성 조절을 통하여 차세대 비휘발성 메모리 소자로의 응용 가능성을 모색하여 

보았다. 비정질 상태의 chalcogenide 화합물은 6족인 Te를 기반으로 하여, Te가 가장 큰 

조성을 차지한다. 4, 5족 원소는 8-N 규칙을 적용하면 비정질 상태의 원자 network에서 

6족 원소 (2개의 결합을 만든다)보다 더 많은 결합을 함으로써 (4족 원소는 4개, 5족 

원소는 3개의 결합을 만든다) 비정질 구조를 안정하게 한다. 이러한 4, 5족 원소는 

응용에 따라서 결합 에너지를 고려하여 선택을 하게 된다. 상전이 메모리 (phase 

change random access memory, PRAM)로의 응용을 생각한다면, 비교적 낮은 

결합에너지를 갖는 Ge, Sb 등이 4, 5족 원소를 구성함으로써 가변적인 상변화 - 

결정화와 비정질화 - 를 유도할 수 있다. 또한, 5족 원소를 Sb에서 Bi로 치환함으로써 

더 빠른 상전이 속도를 구현할 수 있다. Threshold switching을 이용한 선택소자로의 

응용을 고려한다면 결정화를 최대한 지연시키기 위하여 Si, As 등의 결합에너지가 

높은 원소들로 4, 5족 원소를 구성하여 비정질상을 안정화시키고 결정화를 

방해함으로써 Joule heating에 의한 결정화를 최대한 억제하면서 반복적인 threshold 

switching을 보이는 선택소자를 구현할 수 있다. 본 연구에서는 가장 널리 알려진 

상전이 재료인 Ge2Sb2Te5 박막에 Bi를 도핑함으로써 상전이 특성을 개선할 수 있음을 

확인하였으며, Ge와 Sb를 Si과 As으로 치환한 Si-As-Te 박막을 증착하고, 이 박막의 

threshold switching 특성을 연구하여 crossbar 구조의 가변 저항 메모리 (resistive switching 

random access memory, ReRAM) 선택 소자로의 응용 가능성을 모색하였다.  
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Ge2Sb2Te5 (GST)에 Bi를 도핑하기 위하여 Bi2Te3와 GST compound target을 

cosputtering하였다. 직경 250 nm의 하부 전극을 갖는 소자를 이용하여 상변이 특성을 

평가해본 결과 Bi가 4.2 at. % 포함된 경우 RESET 전압이 약 40 % 감소한다는 것을 

확인하였으며, SET에 필요한 pulse tail 길이 - 상전이 박막을 Joule heating으로 녹인 뒤에 

결정화를 위하여 천천히 냉각시키는 데 필요한 pulse의 시간 - 도 37 % 수준으로 

감소한다는 것을 확인하였다. 이는 Bi2Te3 doping을 통해서 상전이 속도가 빨라져서 

SET 과 RESET 속도가 모두 개선된다는 것을 알려준다.  

 

 ReRAM은 crossbar 형태로 제작할 수 있다. Crossbar 구조는 서로 수직으로 배치된 

하부 배선과 상부 배선 사이에 저항 변화를 일으키는 박막을 증착함으로써 만들어낼 

수 있으며, 공정이 비교적 간단하고 적층 구조 형성이 용이하다는 장점을 갖는다. 

하지만 이러한 구조는 원하는 소자를 선택하기 위하여 상/하부 전극에 전위차를 

가하였을 때 하부/상부 전극을 공유하는 주변의 소자 - 주변 소자가 낮은 저항 상태일 

때는 문제가 더 심각해진다 - 를 통해서 만들어지는 많은 누설 전류 경로를 갖게 되는 

단점이 있다. 이러한 문제를 해결하기 위하여 ReRAM 소자에 누설 전류를 막아주는 

선택 소자를 적층하여 crossbar를 구성하게 된다. 널리 연구된 선택 소자로는 oxide 

계열의 Schottky diode가 있으며, 우수한 성능이 보고된 바 있지만 한 bias의 전류만 

통과시킬 수 있으므로 bipolar ReRAM에서는 사용할 수 없는 한계가 있다. 본 

연구에서는 전압/전류의 방향에 무관하게 저항 변이를 일으키는 선택소자로 

비정질상의 chalcogenide 계열의 threshold switch를 제작하고 소자 적용 가능성을 

평가하였다. 비정질상을 안정화시키기 위하여 PRAM의 구성원소보다 결합에너지가 

큰 Si과 As를 4,5 족 원소로 선택하였다. (결합에너지 : Si-As 39.2 kcal/mol, Si-Te 38.5 
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kcal/mol, As-Te 32.7 kcal/mol, Ge-Te 35.5 kcal/mol, Sb-Te 31.6 kcal/mol) 3-gun magnetron 

sputter를 이용하여, 각 원소별로 단원자 target을 cosputtering하여 Si-As-Te 박막을 

증착하였다. XRD 분석 결과 Si-As-Te 박막은 모든 조성에서 비정질상임을 

확인하였으며, 150 oC 이상의 높은 온도에서 결정화가 일어날 때에는 Te가 분리되어 

결정화된다는 것을 알 수 있었다. 넓은 범위의 조성을 탐색한 결과, 조성이 threshold 

switching 현상을 결정짓는 가장 중요한 변수임을 확인할 수 있었다. Te 함량이 과도한 

경우 박막은 낮은 저항 상태로, 직선의 전류/전압 결과를 보였다. Si 또는 As의 함량이 

과도한 경우 threshold switching 없이 dielectric breakdown 현상이 관찰되었으며, 이는 

비정질 원자 network가 Si/As의 함량이 높아지면서 결합의 숫자 및 결합 에너지가 

증가하여 rigid network로 변하게 되어 threshold switching 현상에 필요한 defect - valence 

alternation pair (VAP) - 의 수가 줄어들고, threshold switching 없는 dielectric으로 

변하였다는 것을 말해준다. Si22As39Te39 조성의 증착 조건을 기준으로 Te를 추가하여 

Si22As39Te39 - Te pseudo-binary 선상의 조성을 갖는 Si-As-Te 박막을 증착하여 threshold 

switching 특성을 확인하고, 조성에 따른 threshold switching 현상의 parameter들을 Te의 

영향에 중점을 맞추어 해석하였다. 박막 내의 Te의 조성이 증가함에 따라서 두 가지 

현상이 발생한다. 첫 번째로 VAP의 농도가 증가한다. 이는 VAP가 Te의 lone pair 

electron의 상호작용에 의하여 만들어지며, Te의 농도가 늘어날수록 비정질상의 평균 

결합 에너지가 감소하면서 atomic network의 경직도가 감소하여 전하를 띈 VAP 

사이의 Coulomb 상호작용을 완화시키면서 VAP를 안정화시키기 때문이다. 두 번째로, 

Te의 농도가 늘어날수록 chalcogenide의 bandgap이 감소하며, 이에 따라서 carrier 

generation rate가 증가하게 된다. 이렇게 두 가지 원인을 고려하여 Schokley-Read-Hall  

(SRH) recombination과 carrier 농도 및 electric field의 함수로 주어지는 carrier generation의 
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균형을 고려한 model을 이용하여 threshold switching을 modeling한 결과 Te의 조성 

증가에 따른 VAP 증가와 generation rate 증가에 의하여 threshold voltage는 증가하고, 

고저항 상태의 threshold switch의 전류가 낮은 값을 보인다는 것을 재현할 수 있었다. 

다만 holding voltage는 조성에 무관하였으며, 이는 threshold switching 이후에 Si-As-Te 의 

전극과의 접합 부분을 제외한 대부분의 영역에서 박막 내의 VAP가 carrier와 결합하여 

전기적으로 중성이 되어 저항이 낮아지고, 결과적으로 박막 내에 걸리는 전압이 

낮아지면서 대부분의 전압 강하는 접합 부분에 집중되기 때문인 것으로 해석하였다. 

Si22As39Te39의 조성의 박막과 unipolar TiO2 가변 저항 박막을 probe tip을 이용하여 직렬 

연결하고 전류/전압 특성을 확인한 결과 직렬 연결 시에도 선택 소자의 동작과 

메모리 소자의 SET/RESET 동작이 제대로 일어나고 있음을 확인하였다. 선택 소자가 

있음으로 인해서 메모리 소자가 SET 상태일 때 전류가 0.5V에서 1.32 mA에서 26.9 

uA로 약 120배 감소하였으며, 이는 Si-As-Te 박막이 crossbar 구조의 ReRAM의 

선택소자로 적용 가능하다는 것을 보여준다.  
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