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Abstract: Chalcogenide phase change materials based on germanium-antimony-tellurides
(GST-PCMs) have shown outstanding properties in non-volatile memory (NVM) technologies due to
their high write and read speeds, reversible phase transition, high degree of scalability, low power
consumption, good data retention, and multi-level storage capability. However, GST-based PCMs
have shown recent promise in other domains, such as in spatial light modulation, beam steering,
and neuromorphic computing. This paper reviews the progress in GST-based PCMs and methods
for improving the performance within the context of new applications that have come to light in
recent years.
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1. Introduction

Over the past few decades, chalcogenide phase change materials have received increased attention
for next-generation non-volatile memory [ 1-3] and high density optical recording [ 4-6]. Typically,
a chalcogenide material has two or more discrete states at which it exhibits distinguishable material
properties. The change in the state is driven by thermal excitation, usually via an electrical or optical
pulse. The signi cant difference between these states in electrical and optical properties upon the
reversible switching allows storing the rewritable digital bit information. The most ubiquitous phase
change material, GeSbTe (germanium-antimony-tellurium or GST), is a ternary compound consisting
of germanium, antimony, and tellurium that is capable of reversibly switching at high speeds between
its amorphous and crystalline states in response to thermal excitation. The crystallization temperature
of the alloy is between 100 C and 150 C and the melting point is about 600 C (873 K). Due
to the non-volatility and high stability of both states, chalcogenide phase change materials have
been used in rewritable optical recording media for years [ 7-9]. In the optical recording media
application, a laser with controllable intensity and pulse duration is used to interact with the material,
namely, heat a small volume to switch the material between crystalline and amorphous states. The
information is then stored in the re ectivity of the phase change material layer. For electronic memories,
even though Flash memory is the currently leading technology for non-volatile memory devices,
the next generation of memory requires even higher speeds for write and erase processes, while
maintaining high endurance, good scalability, low cost, and high power ef ciency. With developments
in lithography and discoveries in chalcogenide compounds, recently GST emerged as an important
candidate for the electronic nonvolatile memory devices [ 10-13]. Within longer-term prospects, new
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proposals and early demonstrations have emerged for exploiting the optical properties of GST for
dynamic light modulation applications. By utilizing the difference in optical properties between
different phases, researchers have developed GST-based reconfigurable light modulators [14], optical
limiters [15], optical switches [16], and polarizing reflectors [17].

In this review paper, we start with a description of basic GeSbTe alloys and their phase switching
properties, material properties including the electrical, structural and optical (Section 2). Non-volatile
phase change memory devices are reviewed in Section 3.1. Light modulators that utilize the contrast
of the optical constants are discussed in Section 3.2. Even though GST phase change material shows
promising in both non-volatile memory and optical modulators, it is necessary to modify the electrical
property for power efficiency, high-speed operation, and stability. Therefore, in Section 4, doping
mechanisms, and their effects on the material response are reviewed. Finally, fabrication methods of
GST and doped-GST are discussed in Section 5.

2. Material Properties

2.1. GeSbTe Alloys

Germanium-antimony-tellurium (GST) alloys are a type of phase change material from the general
group of chalcogenide glasses. Within the GST alloy system - the most widely used memory materials
for phase-change applications - are the GeTe-Sb, Te3 pseudobinary compounds. This can be viewed
as a mixture between the two binary compounds GeTe and SbyTe;. The time lapse images from
HTOMPT (high-throughput optical mapping of phase transition) of the nonisothermal crystallization
measurements are used to extract the transition temperature of different compositions and shown
in Figure 1. Compounds on this pseudobinary line have different behaviors due to the variation of
material composition. Moving along the pseudobinary line, from Sb,Tes to GeTe, the melting point,
glass transition temperature, data retention, and activation energy increase, while the crystallization
speed decreases [18].
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Figure 1. The transition temperature as a function of composition. The black lines represent the position
of the know GeTe-Sb,Te3 pseudobinary line as well as the observed valley of lowest crystallization
along the Sb, Te3-Ge, Tes compositions. Adapted with permission from Reference [18]. ©2017 American
Chemical Society.
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In 1979, Phillips proposed a theory explaining the effect of the number of bonds per atom
(coordination number) in chalcogenide alloys [ 19. When the average coordination number for a
material is between 2 and 3 (preferably 2.45), the ability of this material to form an amorphous state is
high. By applying this theory into the phase-changing material GST, based on the assumption that the
average coordination number can be calculated from the maximum number of bonds for the atoms,
the SbyTes easily tends to form an amorphous state due to the coordination number being around
2.4, while is close to the ideal value. GeTeis less apt to form into an amorphous state because the
coordination number is 3, which is relatively away from the ideal value [ 20]. Therefore, as a mixture of
GeTeand ShyTes, the Ge-Sb-Te material becomes less apt to form an amorphous state as the proportion
of GeTeincreases, because of moreGeTe content in the material, the greater difference between the
average coordination number to the ideal number. In GeTeand GeTerich compounds, as indicated in
the top region of the pseudobinary line, the number of excess vacancies move the Fermi energy to the
region of extended states, which results in a metallic behavior. For the vacancy-rich GST compounds
in the middle part of the line, the Fermi level lies in the region of localized states and the system
exhibits insulating behavior. At the bottom region of the line, it becomes increasingly dif cult to obtain
a cubic phase experimentally. It has been found that ShyTes-rich compounds exhibit stable hexagonal
structures with very elongated primitive cells [ 21].

2.2. Switching Properties

In rewritable optical recording media and other PCM devices, the information storage utilizes
either the large electrical or optical contrast between the two states for binary representation. As the
operation for the typical memory devices shown in Figure 2, SET (conventionally linked to writing
a logic "1") and RESET (writing a logic "0") states are controlled by a Joule heating process and are
associated with amorphous-to-crystalline and crystalline-to-amorphous transitions, respectively. Since
crystallization is a slower process than amorphization, the SET process in a device requires heating the
material above its crystallization temperature for a suf cient length of time (tens to 100s of ns) so that
the atoms rearrange themselves in crystalline order. A medium level laser or current (blue curve) for
fairly long pulse times is used to re-crystallize the phase change material to its crystalline state. On the
other hand, the RESET or amorphization process needs a higher temperature with a shorter duration
to melt and convert the material to a liquid (amorphous) state then quickly quench the material such
that the atoms do not have time to arrange in a crystalline fashion. The typical time required for RESET
switching is shorter than a few tens of nanoseconds [22,23]. In this process, the temperature of the
material needs to drop down quickly, i.e., the fast quench should occur faster than the timescale for
thermal diffusion from cell to neighboring cell, preventing reorganization into a crystalline structure.

A much lower level laser or current with essentially no Joule heating is used for reading the state,
differentiating between amorphous (low re ectivity, high resistivity) and crystalline (high re ectivity,
low resistivity) states.

These two approaches for switching the phase of a phase-change device, electrical and optical
control, generate two formats of devices, driven by either electricity or light. For example, for PCRAM
devices as in Refs. p4-27], the phase change material, and a heater element are connected in series, with
the heater inducing localized Joule heating aimed at switching the volume near the interface region
(between the heater and phase change material elements). We will discuss the details of PCRAMSs in
Section 3.1. Optical control is another effective approach that generally uses an optical pump beam
that is focused on the PCM Im, leading to Joule heating by absorption, which induces the phase
transition. The rewritable optical disk is one of the well known optical control PCM applications [  1,2].
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Figure 2. The 'SET’, 'RESET” and 'READ’ pulses for a PCM device.
2.3. Electrical Properties

One of the fundamental properties of phase change materials is the large resistivity contrast
between amorphous (high resistivity) and crystalline (low resistivity) phases. The as-deposited
GST thin films are in the amorphous state. The resistivity of GST at different phases is generally
characterized by a 4-point probe which is an electrical impedance measuring technique that can
measure the sheet resistance of the thin films. The resistivity as a function of annealed temperature
is usually used to characterize the phase transitions during the annealing process. In Figure 3, we
show the resistivity of GST as a function of annealing temperature. This GST film is created by using
magnetron sputtering. The sample is placed on a hot plate at discrete temperatures between 25 °C to
350 °C for 2 min, then the sample is cooled down to room temperature before 4-point measurement.
There are two distinct transitions in the resistivity plot. The first transition near 150 °C corresponds to
the amorphous to face-centered-cubic (fcc) phase transition, while the second transition near 230 °C is
due to the fcc to hexagonal close-packed (hcp) phase [28]. The temperature dependence of resistivity
has a slope between the first and second phase transition, which comes from the mixture states. Namely
the mixed states between amorphous state and fcc state near the first transition, and the that of fcc and
hcp states near the second transition.

Amorphous

Resistivity (Q-m)

50 100 150 200 250 300 350
Annealed temperature(°C)

Figure 3. Resistivity of GST as a function of annealed temperature.

The resistivity of the phase change material plays an important role since it determines the power
efficiency and stability. There are several factors that can affect the phase change material’s resistivity
characteristics, such as film thickness, heating rate, and fabrication methods and parameters. Figure 4a
shows the effect of film thinness on the resistivity characteristic. In the very thin (less than 100nm)
regime, with a smaller GST film thickness, the phase transition temperature and the resistivity at
both amorphous and crystalline states increase. This phenomenon may be due to the segregation
or loss of tellurium from the alloy, or it may be due to the limited amount of material available for
nuclei formation as the films become very thin [29]. The problem of degradation of extremely thin
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films in PCMs was solved by Simpson et al. [30], where they were able to achieve broadly the same
crystallization temperatures in a 2 nm GST thin film as the bulk material. In Section 3.1, we will
introduce several types of modified cell structures that have been explored to circumvent this issue.
Figure 4b shows the effect of heating rate on the crystallization behavior of amorphous GST thin films.
The crystallization temperature from the amorphous to fcc state increases logarithmically with the
heating rate. The overall effective activation energy for the crystallization is 2.34 eV at a low heating
rate (less than 40 °C/minute) and 0.49 eV at a higher heating rate [31]. The difference in the effective
activation energy for crystallization affects the nucleation and the growth of fcc crystalline structures.

-
o
©

1074 —o— 50 nm GST e T T T L 3G min
10° —o—10 nm GST CI -
® 30

£ 10°4 #— 5 nm GST £ %o
$ 10*4 Sk 200 |
% 10° Ew‘ 300
E 1024 § -—400
3 104 2 q0° L ® I
] ] 7] -
'@ 1011 2 . Amor.~fcc
r 1071 ) 10" k

1024 2 .

10 4— T T T T T o n 10 ) ) | fecshcp ™ . .

0 50 100 150 200 250 300 350 400

50 100 150 200 250 300 350 400
Temperatures (°C) Temperature (C)
(@ (b)
Figure 4. Crystallization behavior of amorphous GST thin films by in situ electrical sheet resistance
measurement at a wide range of annealing temperatures with (a) different film thickness, Adapted
with permission from Reference [29]. ©2010 American Institute of Physics. and (b) different heating
rates. Adapted with permission from Reference [31]. ©The Electrochemical Society.

Deposition methods and parameters can also lead to resistivity discrepancy. In fact, even the
same deposition method can yield different phase transition characteristic due to the variation
in experimental parameters, such as pressure and power. Therefore, the phase-change resistivity
characteristics of GST thin films have been found varies between different research groups,
as summarized in Figure 5.
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Figure 5. Reported GST resistivity as a function of annealing temperature during phase transition.
The technical details of curve 1-6 are listed in Table 1.
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Table 1. The fabrication method and thickness of the films in Figure 5.

Label Fabrication Method Film Thickness (nm) Reference

1 Thermal evaporation 100-200 [32]
2 Sputtering - [33]
3 Sputtering 50 [34]
4 Sputtering - [35]
5 Atomic Layer Deposition 60 [35]
6 Sputtering 98 [36]

Another critical issue is the GST degradation, most research on GST film studied on the un-sealed
GST thin film which can lead to Te depletion [37,38]. The concentration of Te in the film can affect the
material properties significantly. Figure 6 shows the programming window behavior as a function
of tellurium atomic concentration from about 26% to 50%. With a lower tellurium percentage, the
alloy experiences programming window narrowing [37]. The Te-poor alloys tend to have a lower
conduction activation energies supporting a narrower energy-gap for the amorphous state, which
results in a smaller resistance contrast between amorphous and crystalline states [39].
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Figure 6. Programming window behavior as a function of Te at.%. Decreasing Te at.% results in a
narrower resistance window. Adapted with permission from Reference [37]. ©2015 Elsevier.

2.4. Structural Properties

It is important to understand the behavior of GST materials around the phase transition within
the context of its crystal structure. Upon crystallization from the amorphous state at around 150 °C,
GST alloys form a poly-crystalline cubic (rock salt) state, with grain sizes of 10-20 nm. Yamada et al.
proposed the crystal structure of GST at fcc state shown in Figure 7a. The 4(a) site is wholly occupied
by only Te, and 4(b) site is randomly occupied by Ge, Sb atoms, with some vacancies with different
probabilities depending on the composition of the materials [40,41]. Besides, the Gey,,SbyTes and
GeSby,yTes was studied by Yamada et al. [41] and Privitera et al. [42], respectively. Their results
indicate the excess Ge or Sb atoms does not occupy the vacancies, but rather accumulated at grain
boundaries [2]. To get a closer look of GST at the atomic level, High-Angle Annular Dark-Field
Scanning Transmission Electron Microscopy (HAADF-STEM) has been used to study the crystal
structures and defects of crystalline chalcogenides [43-47]. The atomistic models and the images
obtained by HAADF-STEM on rocksalt GST are shown in Figure 7b. The bright dots correspond to the
contribution of the whole atomic columns along the viewing direction, and the brightness of each dot
is roughly proportional to Z2, where Z is the average atomic number (Ge 32, Sb 51, Te 52, vacancy 0) of
the atomic column [47].
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Figure 17. Measured (a) transmission and (b) re ection (at 45-deg incidence) compared to the calculated
results for the PASS and BLOCK states. Adapted with permission from Reference [ 15]. ©2018 IEEE.

3.2.2. Meta-Surfaces

Metasurfaces or two-dimensional metamaterials where light does not typically penetrate through
the surfaces have been demonstrated to have usefulness in lenses, hologram and polarization
control [ 92,93]. However, optical loss is a common theme for all those devices, due to the metal elements
in conventional metasurface devices. Another limitation is that conventional metasurfaces-based
devices are not cost-effective since once a device is made, it only works for a certain functionality and
wavelength. Therefore, there has been considerable interest recently in developing tunable all-dielectric
metasurfaces for light modulation applications by using the phase change materials [ 94-97] instead of
metallic elements used in earlier works.

4. Doping

GST is promising in both electrical and optical elds as discussed in the previous chapters,
however, there are several issues that come to play in real applications, such as the stability of the
amorphous state, power consumption and resistivity contrast in RF devices. One method to solve the
problems is through doping other elements inside the GST material. A variety of elements such as
C[9899, O[10Q, N[10d, Ni[101], Si[107, Al[ 103104, Ti[105, W [52] and Cu [ 10€ have been used
to improve the device performance.

4.1. Resistivity at Amorphous State

GST has a quite large resistivity at amorphous state-several hundred W m—uwhich can limit the
potential applications in the electrical devices, especially for high speeds applications. The large
resistivity requires a high voltage or long wait time to dissipate suf cient power in the devices to
induce the transition, as well as resulting in a large impedance difference between the amorphous
and crystalline phases. In the past few years, different dopant elements have been studied to modify
the electrical properties of the host GST materials. The dopant can exist in the grain boundaries to
suppress the grain growth, which results in a higher transition temperature.

4.2. Amorphous State Stability

One of the main issues faced by PCRAMs and other GST-based devices is the instability of the
amorphous state after repeated cycling of the phase transition. One of the methods to improve the
stability is by incorporating dopant in the GST structure, such as Sn [ 107. The reason for the improved
stability of the amorphous state is that the material effectively becomes a multi-element material
consisting of four or more elements, which can effectively suppress the movement of atoms due to
different atomic radiuses and hence, increase the activation energy [20].
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4.3. Operation Speed

Another challenge remaining in PCRAM technology, especially for high-speed cache-memory,
is the operation speed. Generally, as the Im goes thinner, the crystallization speed drops and
phase transition temperature increases [29]. To increase the crystallization speed for very thin Ims,
Yamada et al. [8] reported the Sn dopant in Ge,Sh,Tes which could increase the crystallization speed
and even a 5 nm thick Im showed a crystallization time less than 50 ns. Since SnTe has a lower
crystallization temperature and a higher melting point than GeTe, the probability of nucleation will
be higher in amorphous SnTe than GeTe. Which means the crystallization process in GST can be
accelerated by substituting Sn for Ge. Furthermore, since both SnTe and Ge;ShyTes have a stable
NaCl structure after crystallization, they tend to form a single-phase crystal after crystallization. It is
strongly expected that Sn replaces Ge substitutionally, which is supported by the fact that both Sn and
Ge belong to Group IV in the periodic table and possess relatively close atomic radii.

In 2017, Rao et al. introduced ScSbTe alloy to speed up the crystallization kinetics from tens
of nanoseconds of GST down to 700 picoseconds, which comes from the reduced stochasticity of
nucleation through geometrically matched and robust Sc-Te chemical bonds that stabilize crystal
precursors in the amorphous state [10§. In other words, this compound geometrically matched very
well to the base-alloy rock-salt crystalline product Sb ,Tes, and the SgTez bond is more robust as
compared with Sb,Tes.

5. Deposition Methods

Different deposition methods affect the Im composition, density, and stress hence the electrical
and optical properties. Therefore, it is necessary to review the fabrication methods for GST. Sputtering
(Section5.1) and Pulsed Laser Deposition (PLD) (Section 5.2) tend to provide Ims with good density.
A good conformal step coverage in fabrication means the created thin Ims have the same vertical
and horizontal thickness. The non-conformal step coverage is good for lift-off to create GST optical
device, while the conformal step coverage is critical in creating con ned cell structures. Therefore,
it is necessary to introduce the deposition methods for GST Ims that can provide a non-conformal
step coverage or a good conformal step coverage. to have access to both conformal and nonconformal
deposition methods. Evaporation (Section 5.3) is a typical directional deposition technique to create
non-conformal step coverage which is preferred by the lift-off process. The techniques can provide
good conformal step coverage include chemical vapor deposition (CVD) (Section 5.4), atomic layer
deposition (ALD) (Section 5.5), and plasma enhanced chemical vapor deposition (PECVD). Evaporation
is a typical directional deposition which is preferred by the lift-off process.

5.1. Sputtering

Sputtering is a widely used deposition method for a wide variety of thin Ims. It is particularly
suited for GST because of its multi-element composite nature. Sputtering can produce high-quality
dense Ims with preservation of the stoichiometry upon deposition. In sputtering, a target with
the correct GST composition is typically used as the material source, see Figure 18a. Ar* atoms are
accelerated by an electrical eld towards the target where the atomic species are sputtered out. These
atoms and clusters land on the substrate to form the thin Ims. One of the strengths in sputtering is
the preservation of the target stoichiometry, which occurs only after a certain length of time (known
as target conditioning) to account for the different sputter yields of the constituent elements of the
target. The sputtered Ims properties can be controlled by adjusting the working pressure, powetr,
and the plasma gas. During DC sputtering, a higher argon pressure leads to a lower phase transition
temperature [ 109, see Figure18b. The argon gas also has an effect on the sputtered thin Im surface
morphology, Bakan et al. [ 110 reported the sputtered GST Im tends to form cracks with a higher
Ar ow rate (higher pressure), presumably due to the accumulation of stress. Therefore, the higher
quality GST can be deposited by sputtering at a lower argon pressure.
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