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Introduction

Phase change memory is one of the most prominent research fields, since the microchip, for instance 3D Xpoint, has been
released in the market 1. Generally, a phase change material must comprise of at least two solid phases, including crystal or
amorphous phases 2. The optical or electric properties between different phases are often very different 3. Therefore, the
data can be stored into the materials, if the transition between each phase are fast enough 4. The heating is believed to be
the motivation of phase change, where includes of optical heating and electric Joule heating 56,

Although multiple different chalcogenide compounds were studied in recent years 7, the traditional compound in PCRAM
(Phase-change memory) is Ge-Sb-Te system (GST) &. In order to induce crystallization, the amorphous GST film has to be
heated to the crystallization temperature in certain duration before cooling down. On contrary, the formation of amorphous
phase needs higher temperature and short pulse duration, which the GST film has to be heated above melting temperature
and rapidly quenched. Specifically, the length of pulse duration can be as short as 10 ns in amorphous phase and 50 ns in
crystallization phase with laser pulses °.

However, the phase change mechanism is still not fully understood 19, Several studies including mathematical modelling, for
instance ab initio molecular dynamic simulation, were applied to explore phase change transformation 1. In Ge,Sbh,Tes (GST
225) material, amorphous GST film owns high electrical resistivity which can be switched to two low resistivity states (cubic
and hexagonal state) 12. From point of microchip, the GST material is switched between amorphous and crystalline states via
electrically induced Joule heat 1314, However, electrical conductivity of crystalline GST thin film shows many intermediate
states, which lie between set and reset values of resistivity. A mixed phase model is put forward to explain the differences.
Specifically, overall electrical conductivity is influenced by high and low resistive states 1516,

Chalcogenides are well known also as the TMDs (Transition metal dichalcogenides). It is one of the most important 2D
material groups. The layered TMDs have the generic formula MX,, where M stands for a metal and X represents a chalcogen.
The layered TMDs are investigated in the application of catalysis, gas sensing and optoelectronic devices 171819,

In our paper, we found as-deposited GST 225 thin film prepared by magnetron sputtering contains stacks of 2D monolayers.

Furthermore, after exfoliation, amorphous or crystalline 2D flakes are also obtained. The 2D structural model of phase change
material is useful for designing microchip and for developing of a new type of electronic devices in the future. Finally, we
have to clarify the concept of term “phase change”. In 2D material study, the intercalation of metals leads to the phase
transformation, for instance Li intercalation in 2H-MoS; 2°. In this paper, the phase transformation means the amorphous-
crystalline phase transformation and exfoliation is managed by acetone molecules.
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Figure 1 (a)Van der Pauw sheet resistance measured on GST film during heating scan at a rate 2°C/min. (b) The SEM image of
amorphous GST thin film after the acetone exfoliation. Two monolayers are marked. (c) The cross sectional view of
amorphous GST thin film. (d) The cross sectional view of amorphous GST thin film after acetone exfoliation. The layer (in
dashed line area) is exfoliated from the thin film.

The crystallization process of amorphous GST film was detected by the Van der Pauw method (Figure 1 (a)). According to
the sheet resistance, the GST thin film initiates the crystallization at the crystallization temperature T¢; = at 150°C. During
this step, the amorphous material crystallizes to cubic phase 12. Then with further increase of temperature, the GST
material starts to form hexagonal phase at T, = 250°C 12, As the hexagonal phase GST thin film has the lowest resistance,
the GST crystalline samples in our paper are annealed at 270°C (referred as crystalline GST thin film or flakes). The SEM
image of amorphous GST film is presented in Figure 1 (b), where part of the GST thin film is exfoliated by acetone. And the
observation angle of Figure 1 (b) is shown as 3 in Figure S1. In the lighter part, the topmost amorphous 2D monolayers are
exfoliated and dispersed into the acetone solution. It manifests the amorphous GST thin film is in layered structure after
deposition. However, the 2D monolayer can not be observed from the side view of amorphous as-deposited GST film,
where the GST thin film structure is compact (Figure 1(c)). There is just visible column structure, pointed by the black arrow.
However, after acetone exfoliation, layers can be exfoliated from the GST thin film, as shown in Figure 1 (d). The
observation angle of Figure 1 (c) and (d) is shown as 5, shown in Figure S1.

substrate

Figure 2 (a) The SEM image of crystallized GST thin film. (b) The SEM image of crystallized GST thin film with two monolayers.
(c) The cross sectional view of crystallized GST thin film. (d) The enlarged image of the dashed line circle in Figure (c), where
5 monolayers are marked (1L-5L).

The amorphous GST layer has been transformed to crystalline phase after annealing at the temperature 270°C. Figure 2 (a)
shows the surface morphology of the crystalline GST film (observation angle 3 in Figure S1). Some structural evidences can
be seen, such as the crystalline grains. In our opinion, the 2D monolayers are partially exfoliated after heating. Figure 2 (b)
shows two monolayers at the surface of crystalline GST thin film (observation angle 3 in Figure S1). The topmost monolayer
(monolayer 1) is exfoliated and partially removed by the blowing of compressed gas. The cross sectional view of crystalline
GST thin film gives further evidence of the layered structure (observation angle 1 in Figure S1). The layers are clearly visible



in Figure 2 (c). At least 5 monolayers are marked in Figure 2 (d) and in comparison with Figure 1 (c), the layered structure
appears after crystallization. More examples of layered structure can be found in Figure S2.

Figure 3.(a) The SEM image of crystallized GST thin film exfoliated by acetone. (b) The side view of crystalline GST thin film at
the boundary between exfoliated region and region without contact with acetone. (c) The enlarged region of dashed square
in Figure (b). (d) The cross section of GST thin film is the further enlarged dashed square in Figure (c), where the exfoliated
part is seen.

Figure 4 (a) The HRTEM (High Resolution transmission Electron Microscopy) image of layered crystalline GST thin film,
where 4 monolayers are identified from the edge of sample. (b) The enlarged image of the dashed square in Figure (a),
where Van der Waals gap is marked with yellow dash line. (c) The enlarged image of the dashed square in Figure (a), where
different crystalline orientations are recognized via the Van der Waals gaps. (d) HRTEM images of the boundary between
crystalline and amorphous phase on the very edge of the sample.

Although the crystalline GST thin film is partially exfoliated, acetone exfoliation is still necessary. Figure 3 (a) shows the
surface morphology of crystalline GST thin film after acetone exfoliation, where some GST monolayers are dispersed in the
acetone solution and acetone with flakes is removed afterwards (observation angle 3 in Figure S1). Three monolayers are
identified from the contrast differences. The SEM image shows the cross sectional view of the exfoliated crystalline GST thin
film (Figure 3 (b)-(d)) (observation angle 2 in Figure S1). Between the exfoliated part and the part without contact with
acetone, we can see a clear boundary In Figure 3 (b). At the boundary, Figure 3 (c) shows a thickness increase from 300 nm
to ~1 um after exfoliation. In Figure 3 (d), we can see the overall thickness of thin film is increased by the exfoliation. In
summary, the overall exfoliation is a two-step process. Firstly, the GST thin film is partially exfoliated during crystallization
and further exfoliated with the assistance of acetone.

The sample of crystallized GST thin film in Figure 4 (a) was mechanically separated from the substrate. According to the
edge of sample, we can identify at least 4 monolayers. In the middle part of the image (Figure 4 (b)), the crystal structure is
seen clearly. The diffraction pattern shows the GST crystal in hexagonal phase (details in Figure S3. supplementary material)
where Van der Waals gap is marked with the yellow dotted line 21 22 23,24 Based on presence of the Van der Waals gaps,
different crystalline orientations are recognized. In some other cases, especially at the edge of thin film, the 2D monolayer
has amorphous structure in Figure 4 (d). The EDX (Energy-dispersive X-ray spectroscopy) spectra are shown in Figure S4.



The EDX analysis shows similar composition of as deposited thin film (Ge,.1Sb,.1Tes ;) to the target composition Ge,Sb;Tes.
After crystallization, the composition changes to Ge,Sb, 1Tes s. The content of Te is slightly reduced.
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Figure 5 (a) The AFM topography of amorphous GST flakes. (b) The phase image of Figure (a). (c) The AFM topography of
crystalline GST flakes. (d) The phase image of Figure (c). (e) The profile is taken from the line scan in Figure (a) (in white
circle). The regions in Figure (a) and (b) (white circle) are enlarged on the left side. (f) The profile taken from the line scan in
Figure (c). The regions in Figure (c) and (d) (white circle) are enlarged on the left side.

The crystalline GST thin film, no matter amorphous or crystalline, comprises a layered structure. After acetone exfoliation,
the flakes are removed from GST thin film. The flakes are transferred to a silicon substrate with tungsten thin film and are
observed via AFM and SEM. In Figure 5, two types of AFM images are presented: the topography image and phase image.
By comparison of two images, the phase image has better resolution to recognize the boundary of flakes. According to the
phase images, the profiles of flakes are taken at the place of lines (marked by the white circle). Generally, the size of flakes
from crystalline GST thin film is larger than those from amorphous GST thin film. Moreover, the thickness of crystalline flake
can be much thinner (10 nm) in Figure 5 (f) than amorphous flake (60 nm) in Figure 5 (e). Moreover, the flakes shown in
Figure 5 (e) and (f) have two 2D monolayers. The SEM image gives more details of the flakes (Figure S5).
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Figure 6 The electrical property of crystalline flakes, measured by conductive AFM. (a)-(b) The current distribution of the
crystalline GST flakes in different scales.
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The electrical conductivity of flakes was measured by conductive AFM. The sample preparation can be found in the
supplementary material Figure S6. The topography image is shown in Figure S7. Figure 6 (a) and (b) are the same current
distribution map with different current scales, in which Figure 6 (b) is able to show low current value. The boundaries of 2D
monolayers 2L and 3L are marked with green dash line, based on the current level. We can see monolayer 2L is less conductive
than monolayer 3L. Therefore, the interfaces might block the flow of current. It probably influences the conductivity of overall
crystalline thin film.

The reason of layer formation is still not fully clear. In general, we assume the layers in amorphous films could be formed due
to the compositional derivation. And the compositional derivation is possibly caused by the fast cooling of material.
Specifically, when the vapor of GST condenses on the cold substrate, it might forms a liquid thin film. As the temperature
difference between the thin film and substrate, it tends to form a temperature gradient. Therefore, the composition variation
occurs under different temperature. We have not found any way to avoid the layers formation. However, there are still issues
waiting to be solved.

Conclusions

In this paper, we address sputtered GST thin film owns a multiple 2D monolayers. More importantly, the AFM determines
the thickness of the crystalline GST flakes, which is 10 nm. However, the knowledge of 2D monolayer formation is still limited.
We still do not understand how to avoid the 2D monolayers formation. Although the appearance of thin film is compact and
uniform, the layers can be separated from the thin film. The next step is towards to answer questions above. Whether thin
film without 2D monolayers could be prepared by other technique as a flash thermal evaporation or pulsed laser deposition
is still waiting to be explored. However, if 2D layers formation is the result of fast cooling of material, any methods based on
the high temperature are less likely successful. In this situation, molecular beam epitaxy is worth to try.

Experiments

The GST thin film was deposited to silicon wafer via magnetron sputtering, where the power in 10W and the duration of
sputtering is 1 hour. The Van der Pauw was measured from ambient temperature to 380°C in 2°C/min. The similar method
was also applied to the amorphous GST thin film from ambient temperature to 270°C in 2°C/min, in order to get crystalline
GST thin film. Then the crystalline GST thin film was exfoliated via acetone. The acetone is in volatile and low surface tension.
Therefore, it is easy to flow in between the 2D monolayers and the vapor from acetone results in the exfoliation of crystalline
2D monolayers (referred as crystalline flakes). The flakes dispersed in acetone were transferred to a sputtered W thin film for
further observation. The remaining acetone solution is dried in a vacuum environment. The similar exfoliation was also
applied to the amorphous thin film, in order to get amorphous flakes. SEM (scanning electron microscope) images were taken
from JEOL 7500 at 5kV acceleration voltage. The AFM images were taken by AFM Solver Pro M, NT-MDT in semi-contact
mode. The TEM images were taken on microscope JEOL JEM 3010 TEM.
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