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Phase transition and electrical conversion properties of Ge/Sb
nano-multilayer films on flexible substrates
Cheng Wang 1, Yifeng Hu 1,2,3✉ and Li Li2,3

Flexible information memory is the key component of flexible electronic devices and the core of intelligent wearable devices. In this
paper, Ge/Sb multilayer phase change films of various thickness ratios were prepared using polyether ether ketone as substrate, and their
flexible phase change properties and device conversion characteristics were studied. After bending for 100000 times and bending
experiments with different bending radius, the film can still realize the transition from amorphous to crystalline states, and the resistance
fluctuation was small. Bending, stretching and pressing of the film resulted in grain refinement and increasing of crystalline resistance.
The flexible electronic devices using Ge/Sb multilayer films were prepared. The phase change memory device can realize reversible
conversion between SET and RESET states with different pulse widths in flat, bent states and after bending many times. All findings show
that Ge/Sb multilayer films on PEEK substrate have broad application prospects in high-performance flexible memory in the future.
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INTRODUCTION
With the rise of smart healthcare devices and wearable
technology, flexible electronic devices have gradually become
the focus of attention1–3. As the core of intelligent electronic
equipment, information memory is developing towards low
power consumption and flexibility4. Flexible materials can be
deformed to adapt to various application environments, making
flexible electronic devices easier to carry and use than traditional
rigid devices5,6. The traditional Si substrate is hard to be integrated
into flexible electronic devices and adapted to the working
environment that needs deformation due to the limitation of
bending7–9. Therefore, it is necessary to develop memory based
on flexible substrate to advance the development of high-
performance flexible electronic devices in the future.
In contrast to volatile memory, non-volatile memory can retain

data for a long time without the need for continuous power
supply10,11. The existing non-volatile memory includes Flash
memory (Flash), phase change memory (PCM), magnetic memory
(MRAM), ferroelectric memory (FeRAM) and resistive memory
(RRAM)12–17. PCM has the characteristics of fast read and write
speed, high data density, long life, low power consumption,
scalability and high reliability18,19. During the writing operation,
the phase change material can be changed from amorphous to
crystalline states by applying a weak current pulse. When the
operation is resumed, a strong current pulse is applied to rapidly
heat the phase change material to an amorphous state. According
to the resistance state of the material, it is possible to determine
whether the stored data is “0” or “1”20–25. Based on the above
advantages, PCM has become a candidate for the next generation
memory, and has broad development prospects in various
applications. The flexible substrate material is the key to the
development of flexible PCM, which must have the characteristics
of high temperature resistance, strong bending fatigue resistance
and insulation26–31. Flexible polyether ether ketone (PEEK), as an
engineering material with excellent performance, has the
characteristics of high temperature stability (melting point
~334 °C), good fatigue and bending strength, corrosion resistance,

strong insulation and good biocompatibility32. Compared with the
PET flexible substrate, the thermal deformation temperature of
PEEK substrate is 260 °C, and the thermal deformation tempera-
ture of PET substrate is only 80 °C, so PEEK substrate has good
thermal stability and mechanical properties. Due to its excellent
performance, PEEK is now widely used in aerospace, medical,
automotive, electronics and chemical industries, and is potential
to become the substrate for future flexible memory33.
The references show that Sb phase change material is the

optimal material for high speed PCM because of its simple
structure, nucleation and low crystallization temperature34. In order
to further improve the thermal stability of Sb phase change
materials, the nanoscale composite of Ge material and Sb was
carried out by stacking multiple layers. Ge/Sb multilayer films were
prepared on flexible PEEK substrate by magnetron sputtering
technology. The phase transformation properties, resistance drift,
microstructure, surface morphology and electrical properties of Ge/
Sb multilayer films with PEEK as substrate were investigated. The
experimental results show that the Ge/Sb multilayer film prepared
on PEEK have excellent thermal stability, anti-bending cycle, anti-
stretching, anti-pressure and electrical performance, and can be
used for future flexible phase-change memory materials.

RESULTS AND DISCUSSION
Thermal stability testing of flexible Ge/Sb films
Figure 1a depicts a schematic diagram of a hot and cold table test
system for measuring the film resistance-temperature (R–T ) relation-
ship. The test system is composed of temperature controller, megger,
heating table and computer. The temperature controller controls the
temperature of the heating table, tests the resistance change of the
film in the process of temperature change, and finally R–T curves are
generated for each film on the computer. As shown in Fig. 1b, Ge/Sb
multilayer films with different thickness ratios on a flexible PEEK
substrate exhibited an amorphous state at first when heated at a rate
of 20 °C min-1. Resistance slowly decreased with increasing tempera-
ture until it reached a specific value known as phase transition

1School of Mathematics and Physics, Jiangsu University of Technology, Changzhou 213000, China. 2Jincheng Research Institute of Opo-mechatronics Jincheng, 48000 Jincheng,
China. 3Shanxi Key Laboratory of Advanced Semiconductor Optoelectronic Devices and Integrated Systems, Jincheng 48000, China. ✉email: hyf@jsut.edu.cn

www.nature.com/npjflexelectron

Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-024-00296-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-024-00296-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-024-00296-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-024-00296-1&domain=pdf
http://orcid.org/0000-0001-6186-4169
http://orcid.org/0000-0001-6186-4169
http://orcid.org/0000-0001-6186-4169
http://orcid.org/0000-0001-6186-4169
http://orcid.org/0000-0001-6186-4169
http://orcid.org/0000-0001-7088-6829
http://orcid.org/0000-0001-7088-6829
http://orcid.org/0000-0001-7088-6829
http://orcid.org/0000-0001-7088-6829
http://orcid.org/0000-0001-7088-6829
https://doi.org/10.1038/s41528-024-00296-1
mailto:hyf@jsut.edu.cn
www.nature.com/npjflexelectron


temperature Tc where resistance plummeted sharply35. The resistance
of the film is stable at a low value during the cooling process, which
indicates that the film has completed the transition from amorphous
to crystalline states. The observed changes in amorphous and
crystalline resistances are more than two orders of magnitude,
indicating that phase transition is feasible for Ge/Sb multilayer films
on flexible PEEK substrates. With the increase of Ge content, the Tc of
Ge/Sb films also increases and is higher than that of single-layer Sb
(50 nm) films. The Tc of [Ge(5 nm)/Sb(5 nm)]5 multilayer films is as
high as 203 °C, which demonstrates that the addition of Ge layers has
been found to enhance the thermal stability of the films. In addition,
as the Ge layer thickness increases, the crystalline resistance of the
film increases from 263Ω of the single-layer Sb film to 1408Ω of the
[Ge(5 nm)/Sb(5 nm)]5 multilayer film, which can contribute to
reducing the drive current of the PCM device during the reset
operation36.
Figure 1c displays the pictures of a Ge/Sb multilayer film with

flexible PEEK as the substrate in bent and twisted state. After
bending and twisting operation, Ge/Sb multilayer film can still
adhere to the substrate well, indicating that it has good flexibility.
Figure 1d shows the bending process of the [Ge(5 nm)/Sb(5 nm)]5
multilayer film on the bending model with PEEK as the substrate.
In order to ensure the same bending stress at all locations of the
film during the bending process, we fix one end of the film on a
3D model with a radius of 20mm, and then set the bending
frequency to 1 time/s on the bending cycle device, and the
number of bending cycles can be set arbitrarily. After activating
the bending cycle device, the other end of the film is attached to
the 3D model and then released, ensuring that the bending radius
of all locations on the film is 20 mm, thus ensuring that the
bending stress is consistent at all locations of the film.
Figure 2a displays the R–T graphs of the [Ge(5 nm)/Sb(5 nm)]5

multilayer film on PEEK substrate after 105 cycles from flat to
bending states. It can be seen from the figure that [Ge(5 nm)/
Sb(5 nm)]5 multilayer film still has good phase transition

performance after bending on PEEK substrate for many times,
indicating that the film has excellent bending fatigue resistance. In
Fig. 2a, the amorphous and crystalline resistance values and phase
transition temperature of the film at 85 °C after multiple bending
were collected and plotted in Fig. 2b. From the data presented in
Fig. 2b, it is evident that with the increase of bending cycles, the
difference between amorphous and crystalline resistance of the
film remains at two orders of magnitude, which is conducive to
the accurate identification of data states. In addition, after multiple
bending, the resistance values of the film both in amorphous and
crystalline states exhibit a slight increase, which may be because
the effective cross section through which the current passes is
reduced by bending. Figure 2b also shows that the phase
transition temperature drops from 203 °C in the flat state to 184 °C
after 105 bending times. The decrease in thermal stability of the
film may be attributed to the disruption of its internal structure
and the emergence of multiple imperfections37.
Figure 2c displays the R–T graphs of the [Ge(5 nm)/Sb(5 nm)]5

multilayer film on PEEK substrate after 104 bending times with
different bending radius. The bending model is illustrated in Fig. 2d
with bending radius of 1.0, 1.5, 2.0, 2.5 and 3.0 cm respectively. As can
be seen from Fig. 2c, all [Ge(5 nm)/Sb(5 nm)]5 films exhibit obvious
amorphous to crystalline phase transition behavior at different
bending radius. The amorphous and crystalline resistance values
after bending at different bending radius are collected in Fig. 2c and
plotted in Fig. 2d. It can be seen that after the film is bent 104 times at
different bending radius, the amorphous and crystalline resistance
values remain stable and are basically not affected by the bending
curvature, which once again reflects the excellent bending resistance
of [Ge(5 nm)/Sb(5 nm)]5 multilayer films.

Microstructure characterization of flexible Ge/Sb films
In Fig. 3a, the [Ge(5 nm)/Sb(5 nm)]5 multilayer film with PEEK as
substrate is fixed at both ends, and the tension exerted on the film

Fig. 1 Thermal stability test and bending device diagram. a Schematic diagram of the test system for hot and cold stations. b R–T relationship
curves of Ge/Sb multilayer films with different thickness ratios on PEEK substrate. c Physical drawings of bending and twisting states of flexible
PEEK films; d Physical diagram of the bending process of [Ge(5 nm)/Sb(5 nm)]5 multilayer film on the bending model with PEEK as the substrate.
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by the tensile tester is tested by Newton force measurement. When
no tension is applied, the length of the film is 2 cm. Figure 3b shows
that the length of the film becomes 2.15 cm when a 100N tension is
applied with an elongation of 7.5%. Figure 3c shows the pressure
process of [Ge(5 nm)/Sb(5 nm)]5 multilayer film on PEEK substrate.
Applying a pressure of 80 N to a square film with a side length of
1 cm, we can calculate that the pressure on the film is 8×10-4 Gpa.
Figure 3d shows the resistance drift of [Ge(5 nm)/Sb(5 nm)]5

multilayer films on PEEK substrate. The resistance drift is mainly
caused by internal defects in the film, and the power law equation
is used to describe the resistance drift38,39:

Rt ¼ R0
t
τ0

� �
α (1)

Where Rt represents the measurement resistance, R0 and τ0 are the
initial constants, and α is denoted as the resistance drift coefficient.
The α of the film are 0.00752 ± 0.00007, 0.00904 ± 0.00005,
0.00905 ± 0.00018 and 0.00899 ± 0.00009 after the film is bent
10,000 times, stretched 7.5% and compressed at 8 × 10-4 Gpa for
24 h, respectively. The smaller the film resistance drift coefficient is,
the more beneficial it is to maintain the stability of the device
resistance. The results show that, compared with the flat state, the
α of the film increases slightly after multiple bending, stretching
and pressure. This may be caused by the destruction of the internal
structure under the action of stress.
Figure 3e shows the crystalline structure of [Ge(5 nm)/Sb(5 nm)]50

multilayer films with PEEK as substrate by XRD testing. After
annealing at 250 °C for 5min, the film is bent 80,000 times, stretched
7.5% and compressed at 8 × 10-4 Gpa for 24 h, and then XRD is
tested. It can be seen from the XRD pattern that the (012), (210) and
(015) diffraction peaks belonging to Sb crystal phase appear in all
the samples40. Sb material belongs to the nucleation dominated
crystallization mechanism and has a fast phase transition rate. In

[Ge(5 nm)/Sb(5 nm)]50 films, the overall crystallization rate of the
phase change films can be enhanced by incorporating a significant
number of Sb layers. Moreover, the absence of any Ge phase in the
diffraction pattern suggests that Ge is present in an amorphous
state. Multilayer amorphous Ge can separate Sb, reduce phase
transition region, inhibit grain growth, lower power dissipation and
enhance thermostability of the film41. The diffraction pattern also
shows that, compared with the flat state, the Sb (210) diffraction
peak of the film is shifted to a higher angle after bending 80000
times, stretching and pressing, which is caused by the reduction of
Sb lattice constant42. When the film is bent, the outer surface is in a
stretched state, so the film is subjected to tensile stress during
bending and stretching. The tensile stress can increase the strain of
the grain boundary, causing the grain refinement43. When the film is
subjected to compressive stress, the pressure provides additional
strain energy, which promotes grain boundary migration and plastic
deformation of the crystal, thus making the grain fine44.
The resistance of semiconductor materials is significantly

influenced by the energy band. In this paper, the reflectance
spectra of thin films with wavelength range from 400 to 2500 nm
have been measured by near infrared spectrophotometer. Figure
3f shows the band gap Eg of [Ge(5 nm)/Sb(5 nm)]50 multilayer films
after annealing at 250 °C for 5 min evaluated using the Kubelka-
Munk (K–M) function, which is formulated as follows45:

K
S
¼ ð1� RÞ2=ð2RÞ (2)

Where K denotes the absorption coefficient, R represents
reflectivity, and S stands for scattering coefficient. The curve is
normalized and fitted to the horizontal coordinate, and the energy
intercept is the band gap Eg. The Eg of [Ge(5 nm)/Sb(5 nm)]50
multilayer film on PEEK substrates are 1.325, 1.333, 1.337, 1.340,
1.339 and 1.338 eV for flat state, bending 20000, 40000, 80000

Fig. 2 Influence of bending number and bending radius on resistance of flexible thin films. a R–T graphs of [Ge(5 nm)/Sb(5 nm)]5 multilayer
films on a flexible PEEK substrate after different bending cycles. b Changes of the resistance and phase transition temperature after multiple bending.
c R–T graphs of flexible [Ge(5 nm)/Sb(5 nm)]5 multilayer films after bending 10,000 times on models with different bending radii. d The resistance
change of the film after bending 10,000 times on different bending radius models. The illustration shows a schematic of the bending model.
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times, 7.5% stretching and compressed at 8 × 10-4 Gpa for 24 h,
respectively. When the energy band is increased, the energy gap
may become larger. Furthermore, an increased amount of energy
is required for the electrons to undergo a transition from the
valence band to the conduction band, so the resistivity may
increase. After repeated bending, the energy gap of the film
increases slightly, resulting in increased crystalline resistance,
which aligns with the outcome depicted in Fig. 2b. The strain
generated by the tensile stress will cause lattice distortion, which
can change the shape of the band, thus leading to the increase of
the band gap. Therefore, the energy band of the film after
bending and stretching is greater than that of the flat state
(Eg ~ 1.325 eV). Under the action of compressive stress, the
distance between the atomic structure of the film material
decreases, the overlap of the electron cloud increases, and the
interaction between the charges is enhanced, resulting in the
transition from ionic bond to covalent bond between the atoms,
resulting in a larger band gap46. The relationship between the
band EgðPÞ and the pressure PðxÞ of the film material is as follows:

EgðPÞ ¼ Egð0Þ 1� 1
Eb0

V0

n

Z x

1
PðxÞdx

� �
(3)

Where, x ¼ V=V0 represents the volume ratio after compression to
before compression, V0 represents the cell volume of the material
at pressure of 0 Pa and temperature of 0 K, n is the number of
bonds contained in the volume, and Eb0 represents the single
bond energy of the material at pressure of 0 Pa and temperature
of 0 K. The pressure PðxÞ is determined by the Birch-Murnaghan
equation:

PðxÞ ¼ 3B0
2

ðx�7=3 � x�5=3Þ 1þ 3
4
ðB00 � 4Þðx�2=3 � 1Þ

� �
(4)

Where B0 is the bulk modulus of the material and B00 is the first
derivative of the bulk modulus with respect to pressure. According
to the above formula, when the pressure increases, the bond
length becomes shorter and the bond energy becomes stronger,
causing the crystal potential energy to increase, so that the band
gap exhibits a positive correlation with the rise in pressure. In this
paper, the energy band (Eg ~ 1.338 eV) of the film under static
pressure of 8 × 10-4 Gpa for 24 h is greater than that of the flat
state (Eg ~ 1.325 eV), which is consistent with the above theory.

Surface roughness testing of flexible Ge/Sb films
The [Ge(5 nm)/Sb(5 nm)]50 multilayer film with PEEK as the
substrate is annealed for 5 min at 250 °C for AFM test, and the
film’s surface morphology is observed for flat state, multiple
bending, 7.5% stretching and standing at 8 × 10-4 Gpa pressure
for 24 h. Figure 4a, e, and i show the surface morphology of the
film in flat state, after stretching and pressing. In the scanning
range of 10 μm× 10 μm, it is observed that the film has no cracks
on the surface after stretching and pressing, which reflects the
good tensile and compressive properties of the film. Figure 4b, f,
and j show the most probable height (MPH) of the film in flat
state, after stretching and pressure. It can be seen that the MPH of
the film in flat state, after stretching and pressure are 56.5,
41.3 nm and 49.5 nm, respectively, indicating that stretching and
pressure lead to a reduction in the surface grain size of the film,
resulting in a flatter surface.
The Gauss curvature KG of the film surface is47:

KG ¼ a2

ða2sin2θþ b2cos2θÞ2
(5)

Fig. 3 Resistance drift, XRD and near infrared testing of Ge/Sb flexible films. a, b The length measurement of [Ge(5 nm)/Sb(5 nm)]5
multilayer film with PEEK as the substrate film at 0 and 100 N tensile forces. c Film pressure process diagram. d Resistance drift of [Ge(5 nm)/
Sb(5 nm)]5 multilayer film with PEEK as substrate after flat, bending 10000 times, stretching and pressure states. e XRD pattern of [Ge(5 nm)/
Sb(5 nm)]5 on PEEK substrates in flat, bending 80,000 times, pressing and stretching states. f Kubelka-Munk function graphs of [Ge(5 nm)/
Sb(5 nm)]5 multilayer films in flat, after multiple bending, pressure and stretching states.
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For a given electric charge Q, the charge density σ within an
ellipsoid is48:

σ
Qa2

4πbða2sin2θþ b2cos2θÞ1=2
(6)

Where a and b are constants, we get KG
1=4 / σ. Therefore, the

electric potential U/σ near the surface can be used to accurately
analyze the surface topography and conductivity of the film

through the electrostatic potential of the surface. Figure 4c, g, and
k show the surface electrostatic potential distribution of the film in
flat state, after stretching and pressure, respectively. The surface
charge concentration of the film after stretching and pressing is
significantly lower than that in flat state. Figure 4d, h, and l show
the histogram of surface potential distribution of the film in flat
state, after stretching, and pressure conditions. The most probable
potential (MPP) of the film after stretching and pressure are 306

Fig. 4 Surface roughness of Ge/Sb flexible films. a, e, i Surface characteristics of [Ge(5 nm)/Sb(5 nm)]50 multilayer films with PEEK as substrate
for flat state, 7.5% stretching and pressure of 8 × 10-4 Gpa. b, f, j Histogram depicting the distribution of surface height for the film in flat state,
after stretching and pressure. c, g, k Electrostatic potential distribution on the surface of the film, after stretching and pressure.
d, h, l Histogram depicting distribution of surface electrostatic potential for the film in flat state, after stretching and pressure;m and o Surface
morphologies of the film after bending 40,000 and 80,000 times. n Z–X curve of the green line region in (m). p Z–X curve of the green line
region in (o). q–t Surface appearance of the film in a flat state, after bending 20,000, 40,000 and 80,000 times (magnified 200 times).
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and 345 nV, respectively, which are smaller than the MPP of the
film in the flat state (~682 nV), indicating that the surface particle
curvature of the film is significantly reduced after stretching and
pressure, and the overall flatness of the film’s surface is improved,
which is in agreement with the findings from the XRD analysis
depicted in Fig. 3e.
Figure 4m and o show the surface morphologies of the film with

bending 40,000 and 80,000 cycles in the scanning range of
4 μm× 4 μm, respectively. Cracks appeared on the surface of the
film after 40,000 and 80,000 cycles of bending. In Fig. 4n and p,
Z–X diagrams of the green line region in Fig. 4m and o are shown
respectively, where X represents the distance of the horizontal
plane of the film and Z represents the distance perpendicular to
the surface of the film. The width and depth of cracks on the
surface of the film are measured according to the horizontal
distance and vertical distance in the Z–X diagram. After the film is
bent for 40,000 times, the surface crack width was about 557 nm
and the depth is about 83 nm. After the film is bent 80000 times,
the surface crack width is about 1086 nm, and the depth is about
108 nm. It can be concluded that the more bending cycles, the
larger the surface crack size of the film.
Figure 4q–t show the surface appearance of the film in flat state,

after 20,000, 40,000 and 80,000 bending times, respectively. It is
evident from the diagram that cracks appear after multiple
bending of the film. With the increase of bending times, the size
and number of micro-cracks on the surface of the film also
increase. The stress field intensity factor K can reflect the
magnitude of the stress concentration near the tip of the crack.
The factor K that characterizes the intensity of the stress field is49:

K ¼ σ
ffiffiffiffiffiffi
πa

p
(7)

Where σ represents the stress, a is the crack size, and the factor K
is proportional to the stress and crack size. When the film is
subjected to stress, the surface of the film will produce stress
concentration effect, resulting in the formation of cracks. The
small crack size will cause the stress field to concentrate in the
local crack area and accelerate the crack propagation. With the
increase of crack size, the stress field may be widely concentrated,
and the stress concentration will accelerate the creation and
dissemination of fissures. Therefore, as the number of bending
cycles of the film increases, cracks on the surface of the film
expand, and the size and number of cracks increase accordingly,
which is aligns with the findings presented in Fig. 2b. The crack
fatigue fracture process consists of three stages: crack initiation
stage, crack expansion stage and instantaneous fracture stage.
After microcracks appear on the surface of the film, the electrical
conductivity of the film becomes worse, so the resistivity will
increase. With the increase of the number of bending cycles, the
small micro-cracks on the surface of the film will be subjected to
stress concentration effect, which will accelerate the generation
and diffusion of cracks, further reduce the conductivity of the film,
and thus increase the resistivity. It can be seen from the figure that
the surface of the film does not fracture after multiple bending,
which reflects the film exhibits excellent resistance to fatigue
caused by bending.

Device fabrication and electrical performance test
PCM devices based on [Ge(5 nm)/Sb(5 nm)]8 multilayer films are
fabricated on flexible PEEK substrate. The electrical properties of
these devices were tested in various state, including a flat state, a
bent state, and after undergoing 1000 bending cycles. Figure 5a
depicts the fabrication process of the PCM device. Initially, a
150 nm layer of Ag is sputtered onto the PEEK substrate as the
bottom electrode. This bottom electrode is then covered with a
mask, through which the intermediate phase change layer
material and a 225 nm layer of top electrode (Ag) are sputtered
via fine holes in the mask. PCL refers to Ge/Sb multilayer thin film

structure. After completing this deposition process, the mask plate
is removed. Figure 5b shows an image of the PCM device in its
bent state along with an enlarged view of its surface electrode
morphology. Figure 5c illustrates I–V curves for the PCM device
under different conditions: flat state, bent state, and after being
subjected to 1000 bending cycles. As voltage increases during
scanning, so does current flow. Once voltage reaches threshold
voltage Vth, there is a sharp decrease in voltage accompanied by
rapid increase in current until it stabilizes at low resistance state
indicating amorphous to crystalline transition of film occurs. This
negative resistance phenomenon can be observed from the
figure, the threshold voltages of the film in flat state, bent state
and after being subjected to 1000 bending cycles are 1.05, 2.02
and 2.25 V respectively, which means that bending will increase
the operating power consumption of the device50.
Figure 5d, e, and f show the R–V curves of the PCM device

based on the flexible [Ge(5 nm)/Sb(5 nm)]8 multilayer film on PEEK
substrate in flat state, bending state, and after bending 1000
times, respectively. The film can achieve reversible SET-RESET
transformation at 100 and 10 ns pulse widths in flat state, bent
state and after bending 1000 times. The high and low resistances
are more than two orders of magnitude, ensuring that the
resistance state can be effectively identified. It is worth noting that
the film in flat state can achieve reversible SET-RESET operation at
a pulse width of 6 ns, indicating that the [Ge(5 nm)/Sb(5 nm)]8
multilayer film device with PEEK as the substrate has ultra-fast
phase transition speed.
We try to test the electrical conversion performance in the

bending state of the device and after bending 1000 times at the
pulse width of 6 ns, but the reversible operation of SET-RESET
could not be achieved. This may be because the internal
microstructure of the device is affected after bending, such as
defects and micro-cracks. This damages the electrical performance
of the device to some extent. However, the device can achieve
SET-RESET reversible operation at a pulse width of 10 ns both in
the bending state and after 1000 times of bending, indicating that
the device still has ultra-fast phase transition speed in the bending
state and after 1000 times of bending. The practicability of Ge/Sb
multilayer films on PEEK substrate in future high-performance
flexible memory devices is further verified.
We compare the properties of Ge/Sb phase change films on Si

substrates and PEEK substrates. The crystalline resistance of Ge/Sb
devices based on Si substrate and PEEK substrate is about 2 × 104

Ω at 10 ns pulse width, and there is little difference between the
two51. The VRESET of Ge/Sb devices based on Si substrate and PEEK
substrate at 10 ns pulse width is 3.15 and 4.23 V, respectively.
According to VRESET, the power consumption of the FPCM device
during RESET operation can be evaluated52:

ERESET ¼ V2
RESET ´

t
RSET

(8)

ERESET refers to the power consumption generated during the
RESET process, VRESET is the voltage during the RESET process, t is
the pulse width, and RSET is the crystalline resistance. According to
the formula, the RESET operating power consumption of Ge/Sb
devices on Si substrate and PEEK substrate is 4.96 × 10-12 and
8.95 × 10-12 J respectively, so the power consumption of Ge/Sb
multilayer films on PEEK is slightly higher than that on Si substrate.
In this paper, we have verified that Ge/Sb multilayer phase change
films can achieve phase change on PEEK substrate, and have ultra-
fast phase change speed and bending fatigue resistance. There-
fore, we believe that flexible Ge/Sb phase change films based on
PEEK substrate have a good application prospect.
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DISCUSSION
In this paper, Ge/Sb multilayer films were prepared on flexible
PEEK substrate by magnetron sputtering technology. The findings
indicated that the phase transformation of Ge/Sb multilayer films
on PEEK substrate is feasible. After the composite with Ge
material, the thermal stability of Sb film can be improved with the
Tc 203 °C. The amorphous and crystalline resistances of [Ge(5 nm)/
Sb(5 nm)]5 multilayer films tend to increase after several bending
cycles, and the Tc decreases. After the film was bent several times
at different bending radius, the amorphous and crystalline
resistances maintained a fairly consistent level. Bending, stretch-
ing and pressure can result in grain refinement. Cracks will occur
on the surface of the film after bending many times, and the film’s
surface achieves a higher level of smoothness after stretching and
pressure. The flexible device based on [Ge(5 nm)/Sb(5 nm)]8
multilayer film can achieve reversible SET-RESET transition
operation under an ultrashort pulse width of 6 ns. The results
show that Ge/Sb multilayer film based on flexible PEEK substrate
has good resistance to bending, stretching and compression, and
have the potential to evolve into a future high-performance
phase-change memory.

METHODS
Films preparation
The method of alternating sputtering with Ge and Sb targets was
used to prepare multilayer films of Ge/Sb and pure Sb on a PEEK
substrate. The purity level of the Ge and Sb targets was 99.999%. A
sputtering power of 30 W was applied, while the sputtering time
was calculated based on the target’s speed to control film
thickness. In order to avoid any impact from varying thickness, all
films were set to have a total thickness of 50 nm. Prior to
sputtering, argon gas was injected at a controlled flow rate of 30
SCCM. The sputtering pressure was maintained at 0.4 Pa, with the
vacuum chamber’s limit pressure kept at 4 × 10–4 Pa for

consistency. To ensure uniform deposition across the film surface,
the sample disk rotation rate was controlled at 20 r/min.

Characterization
The resistance-temperature curves were measured by a hot and
cold table test system, and the resistance drift index was
calculated. Crystal phase structure analysis after bending, stretch-
ing, and compressing experiments was conducted using an X-ray
diffractometer. Diffuse reflectance spectra in the wavelength
range of 400–2500 nm were recorded using a near-infrared
spectrophotometer. Atomic force microscopy (AFM) observations
were made to examine surface morphology and electrostatic
potential variations in the films. PCM devices based on Ge/Sb
multilayer films on PEEK substrate were fabricated for further
testing electrical properties in flat state, bent state, and after
multiple bends using Keithley 2400 series digital source meter
combined with Tektronix AWG5012C series.
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