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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.

Keywords: phase-change materials; GST, non-volatile memory; electrical properties; optical
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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 significant 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 reflectivity 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 efficiency. 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. GeTe is 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
GeTe and Sb;Tes, the Ge-Sb-Te material becomes less apt to form an amorphous state as the proportion
of GeTe increases, because of more GeTe content in the material, the greater difference between the
average coordination number to the ideal number. In GeTe and GeTe-rich 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 difficult to obtain
a cubic phase experimentally. It has been found that SbyTez-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 sufficient 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 reflectivity, high resistivity) and crystalline (high reflectivity,
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. [24-27], 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 PCRAMs in
Section 3.1. Optical control is another effective approach that generally uses an optical pump beam
that is focused on the PCM film, 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.
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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 7. (a) Schematic image of crystal structures of NaCl state of GepSboTes. Te atoms occupy
one sub-lattice of the crystal while the Ge, Sb and vacancies randomly occupy the second sub-lattice.
(b) Atomistic models and STEM-HAADF images of rocksalt GST. Adapted with permission from

Reference [47]. ©2016 American Institute of Physics.

This phase-changing process of GST happens in a very short time range, as short as 50 ns.
The reason for such a fast transition may because the fcc structure has a high-grade lattice symmetry
which is similar to the amorphous state which has an isotropic atom distribution, indicating the
composite atoms in the amorphous state do not need to travel long distances to be fixed in the fcc
crystalline state [48,49]. Shinji et al. performed the reverse Monte Carlo simulation with experimental
data from synchrotron-radiation x-ray diffraction [50]. Their results indicated that amorphous GST
is characterized by even-folded ring structures which is the key for the fast crystallization speed.
This finding is schematically depicted in Figure 8. The X-ray diffraction (XRD) is a rapid analytical
technique primarily used for phase identification of GST material. The typical XRD patterns of GST
thin films at amorphous, fcc and hcp states are shown in Figure 9. The film is sputtered by sputter
deposition on a glass slide. The structural information is given by the peak positions and its relative
intensity. Due to the nature of the amorphous state, there is no obvious peak for the as-deposited film.
The film annealed at 175° is crystallized into a face-centered cubic (fcc) state indicated by XRD peaks
[111], [002], [022], and [024]. Further annealing at temperatures above 175° leads to the transition from
fce structure to the hexagonal closest packed (hcp) state shown by the XRD peaks [013], [110], [203],

and [026].

Ge,Sb,Te,
Crystal Liquid Amorphous Crystal
3 €3
® o * *1—‘ 4R
e °e¢ ® © ,
e ¢ © s
tag Hu"f" 97 stage

Figure 8. Schematic presentation for the possible ring size transformation in crystal-liquid-amorphous
phase change record and amorphous-crystal phase change erase in Ge2Sb,Tes. Stage I and II: recording
process in optical storage; stage III: erasing process in optical storage. Adapted with permission from
Reference [50]. ©2006 American Institute of Physics.
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Figure 9. XRD spectra of as-deposited (amorphous) and GST films annealed at 175 °C, 200 °C, and
300 °C on fused silica. Adapted with permission from Reference [15]. ©2018 IEEE.

2.5. Local Structural Properties

Just as with pure semiconductors and semiconductor alloys, doping can be an effective approach
to modify GST’s electrical and optical properties for a variety of applications. As such, it is important to
understand how atomic substitution and distortion of the crystal occur before designing an appropriate
doping scheme. To better understand those effects, it is crucial to start by studying the pure GST alloy
at its local structural level. Raman spectroscopy is a typical method to characterize the local structure
of both pure and doped GST at different states.

Figure 10a,b shows the Raman spectra for pure GST at both amorphous and hcp crystalline state,
respectively. The local structure information was studied by decomposing the experimental Raman
spectra into multiple Gaussian oscillators [51]. Different Gaussian peaks correspond to different
vibration modes in the material. The peak positions are summarized in Table 2. By referring to [52,53],
the peak positions of the Gaussian oscillators can be assigned as follows. The peaks at amorphous
state can be attributed to defective octahedra, GeTes—,Ge;, (n =0, 1, 2) edge and/or corner-sharing
tetrahedra and SbTe; pyramidal units. On the other hand, the peaks in Raman spectra for crystalline
state can be assigned to defective octahedra, corner-sharing GeTes_,Ge;, (n =0, 1, 2) and hexagonal
SbyTes. Raman technique is also useful to study the doping in the local structure of GST matrix. When
an element is chosen with a similar atomic radius, it is believed that doping most likely occurs via
substitution. For instance, the Raman shifts by tungsten and nickel doping have been studied to
provide information on the atomic substitution in the local GST matrix [51,52].
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Figure 10. The experimental Raman spectra and the corresponding fitted spectra of GST at
(a) amorphous state and (b) hcp crystalline state. Adapted with permission from Reference [51].
©2018 International Society for Optics and Photonics.

Table 2. The assignments of phonon modes in GST material by using seven Gaussian oscillators.

Peak Position (cm™1)

Amorphous 55 65 80 136 146 158 209
Crystalline (hcp) 55 72 94 113 142 173 195

2.6. Optical Constants

The fast non-volatile phase transition of GST is accompanied by a large change of optical constants,
which results in large contrast in optical reflectivity [40]. This large optical contrast is employed in
optical data storage, such as rewritable DVD’s. The optical constants of GST are important in describing
how the light wave interacts with the GST-based optical devices. Exact evaluation of the optical
constants is critical for practical applications in integrated and free-space optical devices, such as
spatial light modulators, filters, integrated modulators, and optical switches. Since the amorphous state
of GST is constructed from predominantly covalent bonds, it tends to have a lower refractive index [54].
On the other hand, the large refractive index at crystalline state is a result of highly polarizable
delocalized p-orbital resonant bonding [55]. Kolobov et al. demonstrate the remarkable change of
the short-range order upon crystallization of amorphous GST [2] and GeTe [56] by performing the
Extended x-ray-absorption fine structure spectroscopy (EXAFS) study. Since this short-range order
change does not show in the conventional covalent semiconductors, suggesting the short-range order
variation is related with the optical contrast in GST alloys. Wetnic et al. provided an explanation for
the change of the optical absorption upon amorphization in Ge;SbyTes and GeTe [57]. They conclude
that the changes in the number of bonds and in the local order upon amorphization result in significant
changes in the oscillator strength, which results in a profound optical contrast between amorphous
and crystalline states. Shportko et al. also proposed the large optical contrast relays on the significant
change in bonding which was studied by measurements of the electronic polarizability [55].

A standard technique for describing the dispersion relation in an absorbing material is through
an oscillator model. the Lorentz, Harmonic, and Gaussian models as the standard and commonly used
ones. For transparent materials, on the other hand, the index can be described by the Cauchy model or
the Sellmeier relationship. The Cauchy model is given by:

10A; 1024, 10184,
— + +
A A4 A6

Tl()L) = Ap+

10°B; ~ 10'?B;
A2 A4

where A, and B parameters are used to fit the refractive index of the material.

k(A) = By +
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As an example, Figure 11, the fitted refractive index and extinction coefficient along the phase
transition were reported [15] recently. The optical constants extraction of the optical constants was
realized by fitting the measured reflection and transmission spectra from GST thin films to the
above Cauchy model. The reflection and transmission of the samples in infrared were measured
by Fourier-transform infrared spectroscopy (FTIR). By calculating the optical absorption coefficient,
other researchers have reported similar dispersion relations for GST [58-61].

Amorphous |

4 100C 135¢

1250 1450 1650 1850 2050 2250 2450

1250 1450 1650 1850 2050 2250 2450
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 11. Reflection and transmission spectra of 350 nm GST films on fused silica annealed at (a) 145 C,
and (b) 175 C. Adapted with permission from Reference [15]. ©2018 IEEE.

As shown in Table 3, the degree of the optical contrast change (1, k. — 14,k;) at 405 nm
wavelength were summarized. The larger content of Ge in the material, the higher degree of contrast
in optical constants, which indicates that the GeTe-rich composition is suitable for the Blu-ray Discs
from the viewpoint of optical constant [8].

Table 3. The stoichiometry effect on difference between index (n) and extinction coefficient (k) of
GST at amorphous and crystalline state at 405 nm wavelength [8]. All these compounds are on the
pseudobinary line connecting GeTe and SbyTes.

Composition Contrast of Optical Constant

GeTe —
GegSbyTe11 —1.48 +i1.35
GegSbyTeg —1.45 +1i1.27
GeySbyTey —1.26 +i1.09
GepSb,Tes —1.20 +i1.05

SbyTes —

3. Applications

3.1. Phase-change Memory (PCM)

Nonvolatile memory devices have been the key elements for a wide variety of charge storage
memories, such as flash memories, hard disk drives, and solid state drives. Even though the flash
memories are widely used in the electronic products as the primary storage devices, new architectures
are necessary to allow its scalability below the 16 nm technology node, due to the size limitation of flash
memories [62]. Phase-change memory (PCM) has become an application of interest for non-volatile
memories over the past few decades, given the simplicity of fabrication as well as the small footprint.
The concept of phase-change memory originated in 1960s [63,64]. With the improvements in fabrication
capability and material engineering, chalcogenide compounds, in particular, the Ge;SbyTes (GST),
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have become the material of choice for the non-volatile phase transition memories [65,66]. Essentially,
the change in electrical resistance that accompanies the change in phase is utilized as a mean of binary
data representation. One of the benefits of PCM is that it offers a much faster-switching speed. Flash
memories work by modulating the storage of charge. Changing the bit’s state requires removing the
accumulated charge, which demands a relatively large voltage to manipulate charges. As this voltage
burst requires time to build up power, the general write-times for common Flash devices is in the
order of 100 ps. In PCM devices, the memory element can be switched ON and OFF more quickly (in
nanoseconds), therefore, PCM can provide much higher operation speed. Another advantage of PCM
is its higher data storage stability since the information is stored in the form of structural difference
instead of the electric charge in flash memories.

Depending on the size of the PCM devices, the typical pulse for the SET operation (refer to 1) has
a time duration around 100-500 ns and the current is around 0.2 mA, while typical RESET (reset to
0) time is 50-100 ns with a higher current about 0.5 mA [67,68]. One of the major difficulties of the
integration of PCM is that the high-density electronics requires high programming currents, especially
for the RESET operation to switch the cell from crystalline to amorphous state. In fact, as shown in
Figure 12a, in order to scale down the size of a PCM cell and integrate within consumer electronics,
the writing current for each cell needs to be reduced down from mA to pA [68]. The simulation results
from Cho et al. [68] showed that a confined cell structure is effective in writing current reduction,
footprint reduction, and contributes to a reduction in the degradation of the PCM cells over time.
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Figure 12. (a) The required writing current and phase transition cell size as a function of the design rule
of the PCM devices. Adapted with permission from Reference [68]. ©2005 IEEE. (b) I-V curve of a GST
PCM cell in the crystalline and in the amorphous states. Adapted with permission from Reference [69].
©2004 IEEE.

As shown in Figure 12b, the resistivity of the set (crystalline) and reset (amorphous) state have
large contrast below the threshold switching voltage (Vth). The largest power consumption happens
at the reset programming stage since it needs to reach the melting temperature of the material.
In the following sections, we will discuss the power consumption reduction by modifying the device
structures (Section 3.1.1), and the phase change material itself (Section 4). It should also be noted
that the resistivity of the re-amorphized state is smaller than the as-deposited amorphous state; this
phenomenon can be explained through Figure 8 in Section 2.4.

3.1.1. Device Architectures

To overcome the scaling limits for conventional Flash memory technology, one of the most
attractive approach is the cross-point memory architecture, which allows for the most compact storage
with 4F2 cell size where F is the minimum half pitch. The cross-point PCM devices generally require a
selector device within each memory cell to reduce the unwanted leakage current through unselected
cells during the read operation. As shown in Figure 13, each memory cell comprises a PCRAM device
using a conventional mushroom-type device and a selection transistor. The cell can be accessed by a
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bit line connected to the gate of the transistor and a word line connected to the top electrode of PCM
element [70,71]. Metal-oxide—semiconductor field-effect transistors (MOSFETs) and bipolar transistors
(BJTs) are the transistors that have been used in the industry for decades for selector devices. Since
MOSFETs are voltage-controlled (field driven), there is little to no power waste in MOSFETs-based
selectors when powered on/idling as opposed to B]JTs where a little current is consumed during
power on/idling. The other advantage of MOSFETs is it only operate with one type of charge carrier,
hole or electron, which leads to significant noise reduction. A 4-Mb MOSFET-selected phase-change
memory was reported by Bedeschi et al. [72]. More recently, FET access devices with PCM memory
cells were used to perform arithmetic operations using an accumulator-based computational scheme
(computational memory) [73].
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Figure 13. (Left) Schematic of 10x 10 PCM cell array. Adapted with permission from Reference [74].
©2014 Frontiers. (Middle) Schematic of a single memory cell. Adapted with permission from
Reference [74]. ©2014 Frontiers. (Right) TEM image for a 90 nm node mushroom PCM cell. Adapted
with permission from Reference [75]. ©2010 IEEE.

Like other resistive memories, the common PCRAM cell is a two terminal device, as shown
in Figure 14 (left). It generally consists of a bottom and top electrodes, the PCM layer, and a
conductive element plug (also called “resistor”, “heater”) which contributes to the heating of the
phase-change material in the different phases and provides the electrical access to the phase-change
material. As fabricated, the phase change material is generally in the crystalline state, since the process
temperature of the (BEOL) metal interconnect layers is sufficient to crystallize the material [76].

1.0
—@— Confined Cell Structure
. z —A— Planar Cell Struct W '
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g 06f /
=
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. @ VA @
Insulator Resistor g —
3 o—
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BEC size (nm)

Figure 14. (Left) The conventional planar cell structure. (Middle) Confined cell structure. (Right) The
comparison of reset current between confined and planar cell structure along with contact diameter.
Adapted with permission from Reference [77]. ©2008 IEEE.

One of the most promising approaches to the reduction of programming current is placing the
PCM in a small confined structure [68], which gives a better thermal confinement of PCM and thus
increasing the efficiency of Joule heating, as shown in Figure 14 (right). The bottom pillar-shaped
electrode is often made of tungsten or TiN. In the case of TiN, special attention must be paid to the
potential Ti-rich regions where Ti can easily chemically react with Te to produce Ti-Te compounds.
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Ti ions may also migrate due to the electric field during the operation. As an added benefit, the size
of the phase transition cell for a confined cell structure is decreased, which enables the high storage
density. In 2015, Intel and Micron jointly announced that they produced 3D Xpoint PCRAM chips with
a storage capacity of 128 Gbit, and memory density of 0.62 Gb/mm?.

Other structures and auxiliary materials have shown a path towards hybrid optical-electrical
memories. Mu et al. [78] demonstrated an electrically driven nano-scale guided wave plasmonic
optical latch integrated with GST. The optimum dimensions are detailed in Figure 15. When the
waveguide width is fixed to 30 nm, the thickness effect on the insertion loss is shown in Figure 15a.
Figure 15b indicates a larger waveguide width can give a higher extinction ratio between ON and OFF
state but suffers from a higher energy cost. Figure 15¢,d denote the optimum waveguide width when
both extinction ratio and energy cost are considered. Other shapes of the bottom electrode such as
ring [79] or edge contact [80] have been also reported.

One of the major concerns for the highly confined structures discussed above is the fabrication
and GST deposition process since it is not possible to use low-cost conventional sputtering processes
due to the inherent poor step coverage. Therefore, we are going to discuss the fabrication methods
that can provide good conformality, such as Metal-Organic Chemical Vapor Deposition (MOCVD) and
atomic layer deposition (ALD) in Section 5.
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Figure 15. The insertion loss per unit of the latch: (a) as a function of the GST thickness when the
waveguide width is fixed to 30 nm, (b) as a function of the waveguide width when the GST thickness is
fixed to 50 nm. (c) Electrical power density and energy cost per unit of length, (d) total energy required
by the switching-off operation as a function of waveguide width. Adapted with permission from
Reference [78]. ©2013 American Institute of Physics.

3.1.2. Multi-level Cell (MLC) Memories

Generally, in a Phase-Change Random-Access Memory (PCRAM) device, the storage of a binary
0 or a binary 1 is attributed to the amorphous and crystalline states of GST, respectively. However, by
altering the temperature and the duration induced to the PCRAM cell, it is found that the resistance
can set to be set to attain values in between those of crystalline and amorphous states. Based on this
fact, Multi-level Cell (MLC) memories exploit these intermediate states in-between the crystalline and
amorphous to store more than one bit per cell [81], which increases the memory capacity at the cell
level. Therefore MLCs can effectively double or triple the data density in a memory device without
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increasing the footprint; each cell can store b = logyn bits of digital information, where 7 is the number
of possible levels or states that a cell can store [82].

GST is a binary phase change material, however, by incomplete crystallization, the whole material
or only crystallizing certain part of the material, over decade researchers were able to achieve numerous
intermediate states between the amorphous and crystalline states [82-84]. As shown in Figure 16,
Ref. [84] reported a 7-level cell using single pulse programming. It is crucial to note here, however,
that one of the drawbacks of the MLC lies in the obvious possibility of more errors due to the reduced
margin separating the states and increase in power required to program the memories.
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Figure 16. Resistance distribution of a 7-level cell using single pulse programming. Adapted with
permission from Reference [84]. ©IEEE.

3.2. Light Modulators

Another very useful property of GST material is the large complex refractive index contrast
between their amorphous and crystalline states and low loss in the infrared region [51,55,85]. This
enables the writing of GST-based structures designed for telecom and mid-IR wavelengths where
the losses are sufficiently low for highly versatile applications. Hendrickson et al. demonstrated a
path towards electrically actuated phase-change pixels for transmissive and reflective spatial light
modulators in the near and mid-infrared region.

More generally, since the optical properties of these two states in the devices differ dramatically,
and this difference leads to a variety of important applications, such as, plasmonic devices [86], phase
modulators [87], waveguide devices [88], chiral metamaterials[89,90], and low epsilon media [91].

3.2.1. Optical Limiters

Optical limiting has been sought after for the protection of delicate sensors and electronics from
intense laser threats. Since GST has a relatively large refractive index over a broadband range, by
using the GST and SiO; as the high and low index films in a long-pass edge filter configuration, it has
been possible to demonstrate the designed optical limiters has the over 30 dB extinction over a broad
spectral band with 45 angles of incidence [15], as shown in Figure 17. The transition edge of the filter
can be shifted by hundreds of nanometers by using the large refractive index difference between the
amorphous and crystalline state of GST. It further demonstrates that GST can be used in multilayer
configurations to realize complex optical filtering properties without inducing excessive stresses due
to the phase change.
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Figure 17. Measured (a) transmission and (b) reflection (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 fields 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[98,99], O [100], N [100], Ni [101], Si [102], AL [103,104], Ti [105], W [52] and Cu [106] 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 ()-m—which 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 sufficient 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 PCRAMSs 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 film goes thinner, the crystallization speed drops and
phase transition temperature increases [29]. To increase the crystallization speed for very thin films,
Yamada et al. [8] reported the Sn dopant in Ge;Sb;Tes which could increase the crystallization speed
and even a 5 nm thick film 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;Sb>Tes 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 [108]. In other words, this compound geometrically matched very
well to the base-alloy rock-salt crystalline product SbyTes, and the Scy,Tez bond is more robust as
compared with Sb,Tes.

5. Deposition Methods

Different deposition methods affect the film composition, density, and stress hence the electrical
and optical properties. Therefore, it is necessary to review the fabrication methods for GST. Sputtering
(Section 5.1) and Pulsed Laser Deposition (PLD) (Section 5.2) tend to provide films with good density.
A good conformal step coverage in fabrication means the created thin films 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 confined cell structures. Therefore,
it is necessary to introduce the deposition methods for GST films 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 films. It is particularly
suited for GST because of its multi-element composite nature. Sputtering can produce high-quality
dense films 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 field towards the target where the atomic species are sputtered out. These
atoms and clusters land on the substrate to form the thin films. 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 films properties can be controlled by adjusting the working pressure, power,
and the plasma gas. During DC sputtering, a higher argon pressure leads to a lower phase transition
temperature [109], see Figure 18b. The argon gas also has an effect on the sputtered thin film surface
morphology, Bakan et al. [110] reported the sputtered GST film tends to form cracks with a higher
Ar flow 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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Figure 18. (a) Schematic of the sputtering technique for creating GST-225 films. (b) Electrical resistivity
as a function of temperature for samples prepared at different argon pressures. The samples prepared
at higher pressures show a decrease of their crystallization temperature. Adapted with permission
from Reference [109]. ©2005 Elsevier.

5.2. Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is another useful deposition technique for creating GST. Like
in sputtering, it enables stoichiometric transfer of target material, and the possibility of achieving
congruent deposition [53,85,111]. As can be seen in Figure 19a, the GST target is irradiated by a focused
laser beam through a UV-transparent window. A plasma plume forms from the irradiation spot. Both
the GST target and the substrates need to be rotated during the ablation in order to avoid damaging to
the target, and ensure a thickness homogeneity of the deposited films. A variety of growth conditions
can be modified in a PLD system to modify the fabricated film properties, such as the temperature
of heat-treatment, working pressure and laser energy. Among them, Yoon et al. studied the effect
from the temperature of heat-treatment on the composition of GST nano-particles [111], as shown in
Figure 19b. It is interesting to know the arriving species during the deposition. Therefore, researchers
have been explored the dissociation of GST in the plasma by using mass spectroscopy [112,113]. Their
finding shows the formations of single elements, binary Ge-Te, and Sb-Te compounds, and ternary
non-Ge,SbyTes compounds, and there may also exist other larger clusters which may lie outside the
detection range of the mass spectrometer.
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Figure 19. (a) Schematic of the laser ablation technique for GST thin film deposition. (b) Atomic ratio
as a function of heat treatment temperature of GST nanoparticles. Adapted with permission from
Reference [111]. ©2005 Elsevier.
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5.3. Evaporation

In evaporation, the arriving species to the substrate can be approximated to be strongly directional,
see Figure 20a. Therefore, evaporation has the worst film conformality while it can provide the best
directional deposition which is preferred by the lift-off patterning process. There are two approaches
to deposit GST films in an evaporation system. One approach is to directly evaporation the Ge,Sb,Tes
alloy (Single source evaporation) [114,115], while the other method deals with the multi-source
evaporation from the corresponding constituent elements [61].
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Figure 20. (a) Schematic of the evaporation technique for creating GST films. (b) Vapor pressure of Ge,
Sb and Te [116].

In the direct evaporation process of GST, association or dissociation of the GST alloy can
happen individually or simultaneously. The association does not change the stoichiometry of the
deposition film from the source but may introduce new constitute from the association. However, the
stoichiometry in dissociation usually changes along the deposition process. Drowart et al. performed
a mass-spectroscopic investigation of the vapors to show that the molecular species normally changes
during the transition from solid to the gas phase in the evaporation of compounds [117]. In the case of
dissociation during the evaporation process, the compound may dissociate into smaller components
that the constituents of the compounds can evaporate individually. The more volatile species in
GST source tend to evaporate first, which can result in a non-congruent stoichiometry from the
source, see Figure 20b. Besides, the more volatile species can also tend to be rich in the bottom
of the deposited films, which can end up with a refractive index variation along the depth [118].
Mono-atomic vapor may be observed for alloys even in those cases where the pure element can
form molecules. In 1966, Sommer et al. showed the exist of mono-atomic antimony vapor in the
Pt—Sb [119], then in 1978 Lowe et al. found the mono-atomic antimony vapor in Au-5Sb [120].
However, it is worth pointing out that due to the change in the chemical potential in the solid
compound source, the vapor pressure of a compound constitute is different from that of the pure
material at the same temperature [121]. The constituents of the compound remain homogeneous
throughout the evaporation process. The variation of the ratio during the evaporation process depends
on the stoichiometry of the initial compound. The more volatile constituent evaporates preferentially
which induces a reversed proportions after the evaporation. The prepared thin films normally have a
vertical stoichiometry gradient, which can modify the refractive index along the vertical direction [118].
In the direct evaporation, one has to be more careful to choose the appropriate starting concentration
of the constituent to compensate for the different volatilities in order to obtain the right composition
from the evaporation [122].

In the multi-source evaporation configuration, the constituents are evaporated from their
corresponding sources at different temperatures and subsequently joint condenses on the substrate,
which circumvents the decomposition problem as encountered in the direct evaporation of compounds.
Furthermore, the multi-source evaporation technique also provides the possibility for doping.
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Wang et al. reported indium-doped Ge;Sb,Tes thin films by thermal evaporating the single-element
In, Ge, Sb, and Te sources [123].

5.4. Chemical Vapor Deposition (CVD)

One of the critical challenges for creating PCM devices is the continued downscaling and the
reduction of the set/reset current. The most promising approach is to move towards into 3-D
architectures, where holes are first etched then filled with Ge>SbyTes. Unfortunately, conventional
physical vapor deposition (PVD) methods, such as sputtering and evaporation, are not suitable for
high-aspect-ratio filling due to the poor step coverage. Therefore, it is useful to review the deposition
method that can provide better conformal coverage. Chemical vapor deposition (CVD) is based on
a reaction that takes place directly on the surfaces, which leads to a good conformal step coverage
on most structures. In CVD methods, alkyl and alkyl-amino compounds of Ge, Sb, and Te are used
as precursors in the fabrication of GST [124-126]. The schematic of the CVD system is shown in
Figure 21a. This method can provide a very high growth rate by using the hot-wire CVD set-up
system [127], see Figure 21b. However, the atoms or the ligands introduced by the precursors can
behave as contaminants in the GST-based memory cell. One drawback lies in this fabrication method
is unlike the co-sputtering technique, it is a challenge for doping the GST materials in the chemical
vapor deposition methods.
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Figure 21. (a) Schematic of the hot wire chemical vapor deposition for GST thin films.
(b) Cross-sectional TEM images of deep holes filled with GST made by radical-assisted MOCVD.
Adapted with permission from Reference [128]. ©2015 Elsevier.

5.5. Atomic Layer Deposition (ALD)

In non-volatile memories, high integration density desired GST thin films with good conformality.
The self-limiting film growth mechanism of Atomic Layer Deposition (ALD) ensures a superior
growth conformality. This deposition method is considered as a subclass of chemical vapor deposition.
In earlier demonstrations, researchers have attempted atomic layer deposition of tellurium-containing
phase changing materials by using plasma-assisted, partially CVD-like process [129,130]. However,
the high reactivity required in ALD for Telluride can raise safety issues. To overcome this limitation,
people have developed the alkylsilyl tellurium-based ALD precursors for tellurium which is sufficiently
volatile, thermally stable and highly reactive [35,131]. In 2012, Eom et al. reported a robust thermal
ALD of the G-5-T films by using silyl-Te and alkoxy-Ge and alkoxy—Sb metal-organic precursors
at low temperature (=70°) without using any reactive gas [132]. The cross-section transmission TEM
images shows good uniformity along the contact hole surface and the composition is close to Ge;Sb; Tes,
as shown in Figure 22.
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Figure 22. Cross-section transmission TEM images showing the conformal deposition of
(Ge—Te2)0.66(Sb2Tes)o.33 film on contact hole. (a) Completely filled contact hole with the TiN interfacial
layer when ncys = 200. (b) EDS line profile of the three elements along the line shown in (a).
(c) Cross-section TEM image of the (Ge—Tez)o.66(Sb2Tes)o.33 film (nﬁy = 60) on the contact hole with
an aspect ratio of 20. (d) EDS profile of the three elements along the (Ge—Tez)o.66(Sb2Te3)o.33 in the
side wall of the hole marked by numbers in c. Adapted with permission from Reference [132]. ©2012
ACS Publications.

6. Conclusions

Germanium-antimony-telluride has proven to be a very useful material in both the (continuously
evolving) electronic as well as the (recently emerging) optical fields of study, with new technologies
based on GST continuously under development. During recent decades, impressive progress has been
made in the fabrication and optimization of GST-based devices. This review serves to highlight recent
progress in both materials development as well as in recent device implementations, with an outlook
towards both optical as well as electronic future applications.
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