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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Ultrafast isothermal laser treatment shortens phase transition probing time by three orders of magnitude.

■   Whether amorphous phases show a clear solid-liquid transition is a crucial 21st-century scientific question.

■   Theoretical model extracts T0—the boundary between amorphous liquid and solid for most materials.
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The “nature of glassy substance”, one of the top ten physics challenges of
the  century,  requires  understanding  of  non-equilibrium  amorphous-to-
crystalline  phase  transitions.  The  Time-Temperature-Transition  (TTT)
curve defines the critical phase transition conditions and offers a system-
atic  framework  to  address  this  question.  However,  current  TTT  curve
measurements are constrained by low heating rates (< 106 K/s), which limit
data  acquisition  for  most  materials.  This  study  developed  an  innovative
pulsed laser isothermal heating method for in-depth TTT curve characteri-
zation.  Heating  rates  exceeding  1011K/s  and  isothermal  durations  ranging
from  10−9 s  to  10−5 s  were  achieved.  A  comprehensive  Time–Tempera-
ture–Transition (TTT) curve, featuring a nose time  as short as 8 × 10−8 s,
for  the  prototype  phase-change  memory  material  Ge2Sb2Te5, was  experi-
mentally  constructed,  and  key  non-equilibrium  thermodynamic  properties
were  derived  through  quantitative  TTT  curve  model  analysis.  Notably,  the
transition temperature , which marks the quantitative boundary between
the  amorphous  liquid  phase  and  the  amorphous  solid  phase,  has  been
precisely determined for Ge2Sb2Te5 as 206.54 K.

 INTRODUCTION
In  2005,  Science magazine highlighted the “nature of  a  glassy substance”

as  one  of  the  top  ten  most  profound  physics  questions  of  the  century:1

“Molecules in a glass are arranged similarly to those in liquids but are more
densely  packed.  Where  and  why  does  the  transition  from  liquid  to  glass
occur?” This  recognition  prompted  a  series  of  long-standing  debates,2-4

including:  (1)  Is  the  glass  state  a  liquid  or  a  solid?  (2)  At  what  temperature
does an amorphous liquid  transition  into  an  amorphous solid,  analogous to
the melting temperature of the crystalline phase? (3) Do all  materials exhibit
both amorphous and crystalline phases?

T0,

Despite  the  absence  of  discontinuities  in  thermodynamic  parameters
during the glass transition, recent studies on phase transition thermodynam-
ics  suggest  that  defined  as  the  temperature  at  which  atomic  diffusion
goes to zero, extracted from experimental time-temperature-transition (TTT)
curves, can serve as a transition temperature between liquid and solid glass.5

10−2 s
10−4 s

(T∗, t∗)
T∗

N t∗N

However, answering the third question requires a new technique capable of
measuring  TTT  for  most  materials.  According  to  classical  nucleation  and
growth theory, it is generally accepted that any molten material can become
amorphous if cooled sufficiently rapidly.6,7 For instance, monatomic tantalum
currently  holds  the  record  for  the  highest  known  the  critical  cooling  rate,
reaching  up  to  1014 K/s.8 However,  the  characterization  techniques  for  the
phase  transition  processes  of  amorphous  materials,  particularly  for  TTT
curves, lag far behind the advancements in preparation technologies. Despite
the  identification  of  more  than  4,000  amorphous  materials,  fewer  than  ten
complete TTT  diagrams  have  been  established  through  isothermal  experi-
ments,9-18 with  the  shortest  observed  nose  time  being  only  on  the  order  of

. Even in continuous heating experiments, the shortest recorded trans-
formation time is  still  limited to  the order  of .19 This  limitation hinders
progress in determining the critical transition conditions  near the nose
temperature  and nose time ,5 consequently restricting the precise deter-

T0mination of  the  key  parameter  and impeding the  understanding of  these
fundamental issues in physics and materials science.

Quantitative analysis of TTT curves also guides processes such as (1) the
nanoscale  superplastic  forming  of  amorphous  materials,20,21 (2)  the  precise
control  of  nanocrystals  within  amorphous  matrices,  (3)  the  research  on
microstructural  and  dynamic  inhomogeneities  in  amorphous  systems,22,23

and  (4)  the  investigation  of  localised  thermal  and  transport  properties  in
amorphous systems.24,25

Characterization of TTT curves, which requires isothermal crystallization of
amorphous  materials,  is  typically  performed  using  calorimetric  techniques,
such as differential  scanning calorimetry  (DSC),  differential  thermal  analysis
(DTA),  Flash-DSC  and  Nano-DSC.19,26,27 These  techniques  achieve  typical
heating and cooling rates of 106 K/s to 10−2 K/s, which are significantly slower
than  the  nucleation  rates  at  the  noses  of  TTT  curves  for  most  materials.
Moreover,  traditional  approaches  to  investigate  the  interplay  between
temperature  and  time  during  the  critical  nucleation  processes  are  further
limited by the inherent complexity of amorphous states and challenges in the
characterization  of  isothermal  crystallization  of  amorphous  materials  on
ultrafast time scales. Therefore, technological advancements are called for to
meet these requirements.

In recent  years,  advancements  in  ultrafast  heat  treatment  and  measure-
ment techniques have opened new avenues for probing the nucleation ther-
modynamics, enabling researchers to capture transient states with unprece-
dented  precision.  Electrical  and  optical  pulse  stimuli  techniques  are
commonly  used  for  rapid  heating  or  cooling,  with  optical  pulses  offering
distinct  advantages.  Optical  pulses  enable  contactless  heating,  provide
precise  energy  confinement  due  to  the  high  directivity  of  laser  beams,  and
offer faster response times, thereby minimising thermal conduction to unirra-
diated regions.

Currently, non-destructive optical reflectance measurements have become
a  robust  tool  for  high-throughput  characterization28-31 of  thermophysical
properties as well as ultrafast transient measurements32,33 of transport prop-
erties.  For  phase  change  materials  (PCMs),  a  >  30%  reflectance  change—
corresponding  to  a  resistivity  variation  over  3  orders  of  magnitude—allows
precise quantitative monitoring of phase transitions via optical reflectivity.34-36

Ge2Sb2Te5 is  widely  regarded  as  a  representative  and  well-studied  PCM,
essential  for  advancing  next-generation  non-von  Neumann  artificial  neural
networks  (ANNs).37,38 Pulsed  lasers  with  various  time  scales  including
nanoseconds,  picoseconds,  and  femtoseconds,  have  been  employed  to
investigate  phase  transition  thermodynamics  of  Ge2Sb2Te5.  Picosecond
pulsed  lasers  can  achieve  rapid  cooling  rates  of  up  to  1013 K/s,  effectively
inhibiting the nucleation and growth of crystalline phases in high purity metal
targets and facilitating the formation of stable amorphous monatomic metal
nanoparticles.39 Huang Huan et al. and Alexey V. Kiselev et al. investigated the
phase  transition  behaviour  of  Ge2Sb2Te5 films induced by  microsecond and
nanosecond  pulsed  lasers,  quantifying  the  crystallization  and  amorphous
transition  times  and  rates.40,41 Y.  Liu  et  al.  studied  the  crystallization  of
Ge2Sb2Te5 using a series of femtosecond multi-pulsed lasers and developed
a heat transfer model to quantify the growth rate.42 Jia Du et al. examined the
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multiple  intermediate  states  of  Ge2Sb2Te5 induced  by  nanosecond  pulsed
lasers  and  investigated  how  laser  parameters  affect  crystallinity.43 Liu  et  al.
developed a 3D finite element model for pulsed laser processing of Ge2Sb2Te5

films, analysing the effects of parameters on the temperature field.44 Xiang et
al. developed a “one-chip method” for rapidly constructing the phase diagram
of  GexSbxTe1-x-y crystallization  temperatures  by  scanning  the  film  point-by-
point with nanosecond pulsed lasers.45

< 10−5 s

However, all previous studies on laser-induced phase transition thermody-
namics  of  PCMs  do  not  implement  precise  thermal  field  regulation  or  even
temperature control, and research on laser-induced isothermal phase transi-
tion  behaviour  for  constructing  TTT  curves  remains  largely  unexplored.  V.
Weidenhof  et  al.  characterised  isothermal  crystallization  in  Ge2Sb2Te5 films
by monitoring  the  reflectivity  of  pulsed lasers,  but  their  data  were  limited  to
the  time  scale  of  tens  of  seconds.46 The  isothermal  characterization  of  the
TTT curve  for  time  durations  remains unexplored  due  to  the  chal-
lenges in achieving ultrafast isothermal heating conditions.

T0 = 206.54 K
t∗N

8×10−8 s

In this study,  Ge2Sb2Te5 deposited on a silicon wafer was selected as the
target  material.  Using  a  pulsed  laser  isothermal  heating  system  combined
with finite element simulations, we investigated (i) the critical pulse widths at
various laser powers required to trigger melting of the crystalline phase and
subsequent  rapid  quenching  into  the  amorphous  phase,  and  (ii)  the  fine-
tuned  pulsed  laser  waveforms  necessary  for  isothermal  heating  of
Ge2Sb2Te5.  The  experimental  data  obtained  in  this  study,  along  with  those
acquired  from  calorimetric  techniques,  were  successfully  fitted  to  a
phenomenological model of the TTT curve with only three unknown parame-
ters. Transition temperature   from an amorphous liquid to an
amorphous  solid  was  obtained  for  Ge2Sb2Te5.  Nose  temperature  for
Ge2Sb2Te5 is determined to be . This technique and method provide
a clear pathway to reveal the nature of the glassy state across a broad range
of materials.

 MATERIALS AND METHODS
 Sample preparation and characterization

Ge2Sb2Te5 thin  films  were  deposited  onto  silicon  substrates  using  the
magnetron sputtering module of the PRO Line PVD 75 system (Kurt J. Lesker
Co.) with a stoichiometric Ge2Sb2Te5 alloy target. Deposition was carried out
under 3 mT magnetic field and 50 sccm flowing Ar atmosphere at 30 W for
30 mim. Following deposition, the films underwent rapid thermal processing
(Hefei Kejing, OTF-1200X-4 system) at 200°C under a flowing Ar atmosphere
for  30  min,  converting  the  amorphous  thin  film  into  the  cubic  crystalline
structure.

To  ensure  both  the  accuracy  and  uniformity  of  the  film  composition,
several  symmetrically  distributed  positions  across  the  wafer  surface  were
selected for energy-dispersive X-ray spectroscopy (EDX) analysis. The results
confirmed  an  average  composition  of  Ge:Sb:Te  ≈  22.96:23.75:53.29  at%,  as
shown  in Table  S1,  which  closely  matches  the  nominal  composition  of
Ge2Sb2Te5 (22:22:56  at%)  and  indicates  a  uniform  elemental  distribution
throughout the film.

Ellipsometry  analysis  of  the annealed film was conducted to  examine the

18.5 nm
2 nm

film  thickness  and  uniformity  across  the  wafer
surface.  Measurements were performed at  four
symmetrically  distributed  positions,  revealing  a
layered structure  composed  of  an  approxi-
mately  Ge2Sb2Te5 layer (see Table S1)
atop  a  native  SiO2 layer  on  the  Si
substrate.  Thickness  measurements  taken
using a stylus profilometer  (KLA,  Alpha Step D-
300)  consistently  yielded  an  average  thickness

of  18  nm.  The  close  agreement  between  the  two  techniques  confirms  the
high uniformity of the deposited film.

n κ α
R

α R

The  ellipsometry  data  were  analysed  using  the  General  Oscillator  (Gen-
Osc) model to derive the optical properties of the Ge2Sb2Te5 film prior to laser
irradiation.  These  properties  were  subsequently  applied  in  finite  element
simulations  for  the  amorphous  phase  transition.  The  extracted  optical
constants  of  the  Ge2Sb2Te5 crystalline  phase—including  the  refractive  index
( ),  extinction  coefficient  ( ),  absorption  coefficient  ( ),  and  reflectance
( )—over the wavelength range of 245-1690 nm are shown in Figure S1. The
values of  and  at 1064 nm are listed in Table S2.

To  examine  the  crystalline  structure  of  the  Ge2Sb2Te5 film  prior  to  laser
irradiation,  Raman47-49 and  X-ray  diffraction49-52 measurements  were  carried
out using a Renishaw in-Via Qontor and a Rigaku SmartLab system, respec-
tively. The Raman spectra obtained from inside and outside the region irradi-
ated by a single point mono pulse laser are shown in Figure 1A, with optical
microscopic  images in  the  inset.  The  distinct  peak  observed at  105 cm−1 in
the Raman spectra of spot “A” located outside the laser-irradiated region,  is
attributed to the A1 mode of  GeTe4 corner-sharing tetrahedra,  indicating the
crystalline structure of the Ge2Sb2Te5.47-49 Grazing incidence X-ray diffraction
(XRD) measurements performed on the Ge2Sb2Te5 films are shown in Figure 1B.
The pre-irradiated film exhibited sharp diffraction peaks corresponding to the
FCC phase (space group: Fm-3m).49-52

 Pulsed laser-induced amorphous phase transition
 Beam profile  optimization for  uniform surface processing. To facilitate

the pulsed laser-induced phase transition process of the Ge2Sb2Te5 film, we
developed  a  pulsed  laser  isothermal  heating  system  (PLIHS).  Details  of  the
PLIHS design and testing are provided in the Section “Pulsed Laser Isother-
mal Heating System”.

It  should  be  emphasized  that  real-time  monitoring  of  phase-change
processes  remains  inherently  challenging  due  to  their  transient  and  non-
equilibrium  nature.  Techniques  capable  of  capturing “single-shot,  transient”
parameters  during  such  events  remain  experimentally  demanding  and
beyond current practical reach.53-58 To address this limitation, we employed a
spatially  separated,  multi-spot  laser  heating  approach,  which,  when
combined with stepwise parameter tuning and post-process reflectivity anal-
ysis, enabled effective monitoring of phase-change events.

Most  commercial  laser  micro-processing  systems  use  beams  with  a
Gaussian  profile,  which  exhibit  an  uneven  intensity  distribution  across  the
cross-section, as shown in Figure 2A. On the one hand, this uneven distribu-
tion results in energy loss in the peripheral areas, where the low power (< 37%
of  the  centre  value)  is  insufficient  to  induce  phase  transition.  On  the  other
hand,  the  high  central  power,  combined  with  a  significant  power  gradient
(approximately 63% power difference between the centre and edge), leads to
severe  material  ablation  and  vaporisation.  In  contrast,  the  top-hat  beam
offers a more uniform lateral energy distribution, as shown in Figure 2A. The
power fluctuation within the irradiated area of the top-hat beam is kept within
± 9.5%, with a sharp power drop at the boundary, showing a power difference
of > 90%. Furthermore, the top-hat square beam profile eliminates the uneven
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Figure 1.  Phase  structure  characterization  and
amorphous/crystalline  identification  of
Ge2Sb2Te5 (A)  Raman  spectrum  for  the  amorphous
and crystalline state of Ge2Sb2Te5.  The inset shows
an optical  microscopic image of a single-shot laser
irradiated  area.  (B)  X-ray  diffraction  (XRD)  patterns
of  Ge2Sb2Te5 films  in  the  crystalline  phase  and  the
laser-induced amorphous phase.
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overlap issue typical of Gaussian beams, enabling seamless large-area laser
processing via point-by-point scanning, as demonstrated in Figure 2B.

To optimize the energy distribution of the beam, a beam shaper (ST-291-I-
Y-A,  HOLOOR) was introduced in  the PLIHS system.  It  converts  a  Gaussian
beam profile into a top-hat square beam profile along the beam propagation
path.  This  beam  shaper  is  coupled  with  an  objective  lens  in  front  of  the
sample  stage  to  tune  the  focused spot  size.59,60 Under  optimized  conditions
(such as pulse power and duration; details provided in Section “Critical Pulse
Widths  for  Amorphous  Phase  Transition”),  the  beam  shaper  can  achieve
uniform surface modification of the irradiated area by evenly distributing the
energy across the beam’s cross-section.

 Construction of finite element simulation model. While the PLIHS serves
as a reliable platform for laser processing, real-time temperature monitoring
during  laser  processing  at  nanosecond  temporal  and  micrometre  spatial
scales  remains  a  significant  challenge.  To  address  this,  we  employed  finite
element simulation to model  heat  transfer  in  a Ge2Sb2Te5 film under pulsed
laser  irradiation,  which  enables  the  quantification  of  temperature  evolution
during pulsed laser irradiation.

18 nm
2nm 40 μm

λ ρ Cp

1064 nm

293 K T t

The  geometric  model  comprised  an - -thick  Ge2Sb2Te5 layer  atop  a
 SiO2-capped - -thick  Si  substrate.  Material  properties,  including

thermal  conductivity  ( ),  density  ( )  and  specific  heat  capacity  ( ),  were
obtained  from  the  literature61-65 and  listed  in Table  S2.  All  materials  were
assumed to be thermally isotropic. The pulsed laser source was modelled as
a top-hat square beam with a wavelength of . The film’s top surface
was  cooled  by  air  without  forced  convection,  with  an  ambient  temperature
fixed at . The temperature ( ) versus time ( ) curve was extracted from
the centre of the laser-irradiated region.

The  Beer-Lambert  law  was  applied  to  simulate  laser  beam  absorption
along  the  z-axis  of  the  film.  This  law  is  valid  for  perpendicular  incidence  of
parallel monochromatic light on the surface of a uniform medium, assuming
no refraction,  scattering,  or  other  interactions.  The  laser  intensity  decreases
to  a  fraction  of  its  initial  value  at  a  specific  depth  beneath  the  surface,  as
expressed by the following equation:66
 

I= I0(1−R)e−αz, (1)

I0
R α z

where I is the local laser energy density,  is the initial  incident laser energy
density,  is  the  reflectivity,  is  the  attenuation  coefficient,  is  the  z-axis
depth from the surface.

The  heat  transfer  field  within  the  film  was  simulated  using  the  following
partial differential equation:67
 

Q= ρCp

∂T
∂ t

−∇ · (λ∇T)+ρCpv ·∇T, (2)

Q ρ Cp

T t λ
v ρCp

∂T
∂ t

−∇ · (λ∇T)
ρCpv ·∇T

v= 0 I Q

where  is  the  external  heat  input,  is  the  density,  is  the  specific  heat
capacity,  is the temperature,  is the time,  is the thermal conductivity, and

 is  the velocity vector under Euler  coordinates.  Moreover,  represents
the transient (or heat storage) term,  corresponds to the conduc-
tion  term,  is  the  convective  term  (which  vanishes  in  solids  since

).  By equating  to  in the above equations, the coupling between the

laser  field  and  the  heat  transfer  field  was
established.

 Critical pulse widths for amorphous phase
transition. It  is  worth  noting  that  simulations
were  limited  to  temperatures  at  or  below  the
melting  point  of  Ge2Sb2Te5,  focusing  on  the
critical  melting  and  isothermal  conditions.
Simulations  above  the  melting  point  were

avoided due to both the scarcity of experimental data on melt-state proper-
ties of Ge2Sb2Te5 and the intrinsic complexity of the liquid phase. In particular,
the significantly high optical absorption of the molten state renders the Beer-
Lambert-based laser field model (Eq. 1) invalid, as most of the laser energy is
absorbed at the surface and cannot penetrate deeper—an undesirable effect.
Thus,  exploring definitive optimal pulse width and power parameters for  the
“critical state”—where the temperature-time evolution completes heating and
achieves  thermal  equilibrium  at  the  melting  point  (888  K61) without  over-
shooting  the  temperature—is  essential  for  pulsed  laser-induced  amorphous
phase  transition.  This  definition  of  the  critical  state  ensures  a  high-quality
amorphous phase transition region while preventing ablation or film damage.

5.2 W 6 ns Tm

6.1 W Tm

2.02 ns
2.90 ns
6.1 W 2.90 ns

A  series  of  finite  element  simulations  for  Ge2Sb2Te5 with  varying  pulse
powers  and  widths  were  conducted  to  optimize  laser  parameters  for  the
heating,  thermal  equilibrium  at  the  melting  point  (888  K),61 and  subsequent
cooling for amorphous phase transition. As shown by the gray line in Figure 3A,
a  laser  pulse  with  insufficient  power  ( )  requires to  reach ,  with
heat  conduction dominating the temperature  evolution.  This  is  evident  from
the  sudden  slowdown  in  the  temperature  rise,  where  thermal  conduction
significantly  reduces  the  heating  rate.  Such  behaviour  should  be  avoided,
particularly for materials undergoing ultrafast phase transitions. Conversely, a
laser pulse with sufficient power ( ) allows the temperature to reach 
smoothly within  (yellow line in Figure 3A).  The latent heat stabilises
the temperature until  (blue line in Figure 3A), which is considered the
critical pulse width at . If the pulse width exceeds , the surface
temperature rises above the melting point,  as illustrated by the green line in
Figure 3A, potentially causing material ablation.

At the critical pulse width for a specific pulse power, a thermal equilibrium
state  is  reached  at  the  melting  point,  where  the  temperature  remains
constant. Figure  3B  shows  the  finite  element  simulation  results  for  various
pulse widths and powers under the critical conditions. The data indicate that
the  critical  pulse  width  decreases  as  pulse  power  increases.  Higher  pulse
powers with shorter critical pulse widths are preferred for amorphous phase
transition, as they enable faster cooling to room temperature.

7.9 W 1.11 ns

The  waveform  editing  capability  of  PLIHS  allows  precise  control  over  the
temporal and spatial thermal field distribution by adjusting the pulsed laser’s
falling edge, enabling flexible cooling rate regulation. For example, by shaping
the  falling  edge into  one  or  more  slopes  on  a ,  square wave-
form,  finite  element  simulations  produced  temperature-time  curves  with
varying  cooling  rates,  as  shown  in Figure  3C.  The  linearity  of  these  cooling
curves  can  be  further  improved  through  finer  waveform  adjustments  using
advanced  control  theory.  Precise  cooling  rate  control  optimises  amorphous
material formation, refines microstructures, and enhances physical and func-
tional properties.

 Characterization  of  laser-induced  amorphous  phase. Based  on  the
simulation results  under  the critical  condition (pulse power 6.1 W and pulse
width 2.90 ns), a single-point mono-pulsed laser treatment using PLIHS was
applied  to  the  Ge2Sb2Te5 film.  Subsequently,  the  Ge2Sb2Te5 film  underwent
point-by-point pulsed laser irradiation, producing a large-area, gapless phase
transition region. Optical microscopy images of the single-point amorphized

 

Figure 2.  Demonstration  of  laser  beam  cross-
sectional  energy  homogenization (A)  One-dimen-
sional energy profiles of Gaussian and top-hat laser
beams obtained using a beam profiler, normalized to
their  respective  maxima,  and  the  corresponding
optical  micrographs  of  irradiated  micro  area  on  the
film  surface.  (B)  An  optical  microscopic  image  of
laser scanning large-area amorphous region.
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micro area and the large-area amorphized region are shown in Figures 2A-B,
respectively.

74 cm−1 125 cm−1

150 cm−1

To  confirm  the  phase  change  characteristics  of  the  laser-irradiated
regions, Raman47-49 and XRD49-52 analyses were conducted on both the single-
point  irradiated micro  area and the  large-area irradiated region.  The Raman
spectrum of spots “B” and “C” shown in Figure 1A within the laser-irradiated
region  reveals  distinct  peaks  at  approximately ,  and

, corresponding to the E mode of GeTe4 tetrahedra, the A1 mode of
GeTe4−nGen (n  =  0,  1,  2)  tetrahedra,  and the Sb-Te bond vibration of  SbmTe3

(m  =  1,  2),  respectively,  indicating  the  amorphous  nature  of  the  Ge2Sb2Te5

film.47-49 The  XRD  spectrum  of  laser-irradiated  film,  shown  in Figure  1B,
displays a broad amorphous diffraction hump, indicating that the film under-
went melting followed by rapid quenching. A distinct phase contrast between
the irradiated and non-irradiated regions was confirmed, with uniform amor-
phous phase transition observed within the irradiated regions and crystalline
characteristics in the surrounding area.

n κ
α R

In addition, ellipsometry characterization of the large-area phase transition
region provided spectra for the refractive index ( ),  extinction coefficient ( ),
attenuation coefficient  ( ),  and reflectance ( )  of  the Ge2Sb2Te5 film.  These
spectra, detailed in Figure S1 & Table S2, further demonstrate the pronounced
difference between the amorphous and crystalline states,  while  also provid-
ing input parameters for finite element simulation.

 Pulsed laser-induced isothermal heat treatment
 Pulsed laser isothermal heating system. When using a pulsed laser as a

heat source for precise isothermal thermal treatment of a sample, a dynamic
balance between heat  absorption  and heat  dissipation  must  be  maintained.
This  requires  complex  waveforms  rather  than  simple  square  waves,  with
precise time control.

1 ns

130 ps

130 ps 4 μs

Therefore,  a  pulsed  laser  isothermal  heating  system  (PLIHS),  shown  in
Figure 4A, was developed to achieve precise temporal control for isothermal
heating.  A 1064 nm pulsed laser system (MOPAW-AWG, INO) served as the
heat  source.  A  Master  Oscillator  Power  Amplifier  (MOPA)  system  provides
coarse  temporal  control  at  a  resolution  of .  A  high-frequency  arbitrary
waveform generator (AWG) operating at nearly 8 GHz provides fine temporal
control  with a  resolution, modulating the intensity  of  a  semiconduc-
tor seed diode.68 Overall, the laser source configuration, as shown in Figure 4A,
enables  the  generation  of  programmable,  complex  amplitude  waveform
pulsed lasers with adjustable pulse widths ranging from  to .

To assess the  time resolution of  the  PLIHS output,  the  laser  pulse  wave-
form was measured using an ultrafast photodetector and a high-speed oscil-
loscope,  as shown in Figure 4B.  The quality  was evaluated by the rise  time,
fall  time,  and  a  quality  factor  defined  as  the  ratio  of  the  flat-top  area  to  the
total  pulse  area.  As shown in Table  S3,  the  PLIHS features edge transitions
on the order of 1 ns, and near-ideal rectangularity with a quality factor close
to 1, indicating that the time resolution is sufficient for our experiment.

632 nmA  visible  He-Ne  laser  (HNL150RB,  THORLABS)  was  introduced

25 GHz
15 ps

1 GHz 10 GHz
50 GS/s

into the PLIHS system for in situ monitoring of reflected light signal, coupled
with  an  ultrafast  InGaAs  PIN  photodetector  (UPD-15-IR2-FC,  ALPHALAS,
with  a  pulse  repetition  frequency  range  from  DC  to ,  a  rise  time
shorter than ) and a high-speed oscilloscope (MSO64B, Tektronix, with
a bandwidth ranging from  to  and a maximum sampling rate
of ).  The  detection  beam  was  aligned  coaxially  with  the  heating
beam to ensure reliable acquisition of reflected signals from the heated area.
The  PLIHS  system  also  integrates  a  mechanical  sample  stage  (LTVH-100,
AML) with  stepwise  motion,  which  can be  precisely  synchronised with  indi-
vidual  laser  pulses,  enabling  large-area  scanning  for  amorphous  phase
formation.60

 Calibration  of  melting  temperature  in  finite  element  simulation. The
critical  conditions  for  laser-induced  amorphous  phase  transition  were
explored in the previous section “Critical Pulse Widths for Amorphous Phase
Transition”. For the laser-induced crystallization process, the key point lies in
the accuracy of the temperature output from the finite element simulation for
specific  laser  waveforms,  which  determines  the  time-temperature coordi-
nates  of  the  final  TTT  data.  To  validate  the  reliability  of  the  finite  element
model  in  simulating  temperature,  specifically  to  calibrate  the  model,  we
selected  the  measured  melting  temperature  of  888  K  from  this  study  and
from the literature61 to calculate the heat transfer process during pulsed laser
irradiation.

Qsen

Qlat

Qcond

Qconv Qrad

tsen
Qlat

tsen

Within  the  laser-irradiated  micro  area  of  Ge2Sb2Te5 layer,  three  primary
forms of heat are identified: sensible heat ( ), which causes a temperature
increase  limited  by  the  material’s  specific  heat  capacity;  latent  heat  ( ),
which  results  in  a  temperature  plateau  around  the  melting  point;  and  heat
transferred to the surroundings, primarily through conduction ( ), with less
contributions from convection ( ) and radiation ( ). Given the complex-
ity  of  heat  transfer  during material  melting and the lack of  relevant  material
properties,  we  focus  on  calculating  the  time  interval ,  from  the  onset  of
pulsed  laser  irradiation  to  the  onset  of  melting.  The  latent  heat  is
neglected  during .  According  to  the  principle  of  energy  conservation,  we
have: 

Qsource ≈ Qsen+Qcond+Qconv+Qrad. (3)

Each energy term is calculated using the following equations: 

Qsource = P · tsen · (1−R) · (1−exp(−α ·zGST)) , (4)
 

Qsen =
w zGST

0
(T(z)−Tini) ·Cp (T) ·ρ ·S ·dz, (5)

 

Qcond =
w

tsen
Ihf (t) ·Shf ·dt, (6)

 

Qconv =
w

tsen
h · (T(t)−Tamb) ·S ·dt, (7)
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Figure 3.  Finite element simulation of temperature-time evolution to investigate the optimal parameters for pulsed laser-induced amorphization of Ge2Sb2Te5 (A) Simulated
temperature-time ( ) curves for various laser pulse powers and pulse widths. (B) Simulated  curves showing the critical pulse widths for various pulse powers. (C) Simu-
lated  curve of different cooling rates and their corresponding pulsed laser waveforms in the inset.
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Qrad =
w

tsen
σ ·ε ·

(
T(t)4−T4

amb

)
·S ·dt, (8)

P R α
zGST Cp (T)

ρ S
Ihf (t)

Shf

h
σ = 5.670×10−8 W ·m−2 ·K−4 ε

T(z)
T(t) Tini

Tamb

Tini = Tamb = 293.15K

where  is the instantaneous laser power,  is the reflectivity,  is the atten-
uation  coefficient,  is  the  thickness  of  the  Ge2Sb2Te5 film,  is  the
specific  heat  capacity,  is  the density  and  is  the area of  the laser-irradi-
ated  micro  area.  represents  the  heat  flux  in  the  laser-irradiated  micro
area, encompassing both conduction loss towards the bottom and conduc-
tion loss towards the non-laser-irradiated area.  is the corresponding heat
dissipation  interface  area,  is  the  heat  transfer  coefficient,

 is the Stefan–Boltzmann constant, and  is the
emissivity.  is the temperature distribution across the depth profile,  and

 is  the time evolution of  the mean surface temperature.  is  the initial
temperature,  and  is  the  ambient  temperature,  with  the  condition

.
The  temperature  distribution  is  uniform  along  the  in-plane  direction,  but

exhibits a significant gradient along the z-axis direction. In these calculations,
the central  temperature  is  approximated as the mean in-plane temperature,
considering  only  the  temperature  variation  along  the  z-axis.  The  calculation
results for three sets of laser parameters are listed in Table 1, indicating that
the discrepancy between the input energy from the pulsed laser and the sum
of  sensible  heat  and  dissipated  heat  in  the  laser-irradiated  micro  area  is
within  an  acceptable  range.  This  discrepancy  may  arise  from  the  idealised
assumption  that  the  central  temperature  represents  the  mean  in-plane
temperature,  as well  as from the sharp temperature drop at the edge of the
irradiated  area.  The  calculations  are  based  on  time-temperature  curve  data
from the simulation model and well-verified melting point data.  The accept-
able  relative  error  confirms  the  accuracy  and  feasibility  of  the  simulation
model.61

Moreover,  material  properties  in  the  finite  element  simulations  were
partially  obtained  from  the  literature,  with  discrepancies  among  reported
values arising from variations in experimental conditions. Therefore, an error
analysis  was  conducted  to  assess  the  influence  of  parameter  uncertainties
on key simulation results, including the pre-melting time interval and the criti-
cal  pulse  width.  Reported  values  of  density,51,52,62,69,70 specific  heat
capacity,19,62,65,71-74 and  thermal  conductivity50,64,74-81 for  Ge2Sb2Te5 thin  films
were  compiled,  and  the  resulting  error  ranges  of  the  output  parameters  are
discussed  in Figures  S2-S3 & Table  S4.  It  is  important  to  note  that  the
purpose of the error analysis is solely to emphasize the uncertainty in simu-

lation results  arising  from the  parameters  reported  in  the  literature.  By  cali-
brating  the  simulation  model  with  the  known  melting  point  through  energy
conservation calculations,  the  optimal  parameters  have  been  clearly  identi-
fied, aligning precisely with the experimental results, and thus avoiding uncer-
tainties introduced by literature-based parameters.

 Pulsed laser-induced critical  isothermal  crystallization. Before charac-
terizing  the  crystallization  thermodynamics,  PLIHS  was  used  for  large-area
pulsed laser scanning on Ge2Sb2Te5 films to create an amorphous precursor
film  (a-Ge2Sb2Te5).  Subsequently,  to  achieve  isothermal  heating  of  the  a-
Ge2Sb2Te5 films, a staircase falling edge laser waveform was designed, utiliz-
ing  PLIHS’s  programmable  amplitude  capabilities  along  with  temperature
outputs from finite element simulations. At a specific laser power, the mate-
rial’s  temperature  increases  continuously.  Once  the  target  temperature  is
reached, the laser power must be appropriately reduced to maintain a stable
temperature. Achieving thermal equilibrium over extended periods requires a
staircase waveform with progressively decreasing laser power.

800 K 200 ns

6.1 W

750 K 700 K 650 K 600 K
2000 ns

Figure  5A  illustrates  a  typical  isothermal  platform  at  for ,
achieved using a  staircase waveform calibrated from finite  element  simula-
tion. Laser  waveforms  of  varying  power  (reflecting  different  thermal  treat-
ment temperatures)  were calibrated based on the critical  amorphous phase
transition  condition,  where  the  power  is  normalized  to  (left  axis  of
Figure  5A). The  figure  details  the  waveform  design  and  temperature  evolu-
tion during the initial stage on a logarithmic time scale. Isothermal platforms
at , , ,  and  were similarly  simulated  using  corre-
sponding staircase waveforms with durations of up to .

20 ns 200 ns
650 K 600 K 100 ns
2000 ns

Specific  staircase  waveforms  were  then  applied  to  the  a-Ge2Sb2Te5 film
surface in a point-by-point manner, with progressively increasing isothermal
durations. For isothermal heating experiments at 800 K, 750 K, and 700 K, ten
pulse widths were tested, ranging from  to . For experiments at

 and ,  20  pulse  widths  were  tested,  ranging  from  to
.

As  shown  in  the  inset  of Figure  5B,  a  bright  crystalline  region  emerges
within the darker amorphous background when the phase transition occurs.
A  noticeable  increase  in  reflectivity  marks  the  phase  transition,  enabling
precise  determination  of  the  critical  nucleation  conditions.  At  shorter  pulse
durations,  the  reflectivity  remains  nearly  constant  within  a  narrow  range
(approximately  0.429-0.433),  indicating  the  amorphous  incubation  stage.
Around  the  critical  pulse  duration  and  beyond,  the  reflectivity  begins  to

 

Figure 4.  PLIHS experimental  setup  and  performance  characteristics (A)  A  schematic  diagram  of  the  PLIHS.  (B)  Comparison  of  PLIHS  output  waveforms  at  different  pulse
durations with fixed pulse energy.

 

Table 1.  Various calculated energy terms during laser irradiation.

P (W) tsen ns ( )
Qsen

×10−10J( )
Qcond

×10−10J( )
Qrad
(×10−16J)

Qconv
(×10−13J)

Qsource
(×10−9J) Relative error (%)

6.1 2.020 5.747 16.270 1.185 1.728 2.098 4.75

6.7 1.276 5.215 9.879 0.602 0.921 1.455 3.59

7.9 0.774 5.121 5.767 2.150 2.512 1.041 4.39
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exceed this stable baseline and subsequently exhibits an approximately linear
increase,  suggesting  the  onset  and  progression  of  crystal  nucleation.  This
allows us to distinguish quantitatively between low, constant reflectivity and
linearly  increasing  reflectivity  regimes—serving  as  the  basis  for  determining
the critical nucleation condition at each temperature. For example, Figure 5B
shows that during isothermal heating at 750 K, the reflectivity of a-Ge2Sb2Te5

begins to increase distinctly at a pulse width of 80 ns, identifying it as the crit-
ical  nucleation  time  at  this  temperature.  Reflectivity  data  for  various  tested
laser  heating  conditions  are  listed  in Table  S5.  The  critical  nucleation  times
for  800  K,  700  K,  and  650 K  are  80  ns,  100  ns,  and  900 ns,  respectively.  At
600  K,  the  critical  nucleation  time  exceeds  the  operational  limit  of  PLIHS.
Furthermore, the above phase-change detection method avoids the need for
real-time  reflectivity  monitoring,  relying  solely  on  pre- and  post-irradiation
measurements—enhancing  robustness  and  applicability  across  diverse
experimental settings.

 RESULTS AND DISCUSSIONS

t∗
T∗

Tx 423 K
Tg 383 K Tm

888 K

The  TTT  data  obtained  in  this  study  are  plotted  in  the  time-temperature
domain  as  green  dots  in Figure  6A.  For  comparison,  the  calorimetry  data
extracted  from  the  literature  are  also  included  as  yellow  dots.19 A
phenomenological  model  is  used  to  establish  the  quantitative  relationship
between the critical  nucleation time ( ) and the critical  nucleation tempera-
ture ( ), with the fitted TTT theoretical curve shown in Figure 6A as the blue
solid line. In the figure, the crystallization temperature  is taken as ,61

the glass transition temperature  as ,82 and the melting point  as
.35 The  smooth  connection  between  the  two  datasets  validates  the

feasibility of  this  novel  isothermal  crystallization  thermodynamic  characteri-
zation method.

The theoretical model is described by Eqs. 9-13, with definitions of all ther-
modynamic parameters provided in Table S6.5,83-85
 

t* = f(T*) = 4

√
3x

πI(T*)u(T*)
3 , (9)

 

u(T*) =
kBT∗

3π
ν

δ2η(T∗)

(
1−e−

VmΔgv
RT*

)
, (10)

 

I(T*) =
NakBT∗

3π
ν

Vmδ
3η(T∗)

e
−

1
kBT*

S(θ)

(
−
16πσ(T∗)3

3Δgv

)
, (11)

 

σ (T*) =

√√√√√
−kBT*

8π

Δgvln
[
3π
kBT*

νδ3η(T*)

]
δS(θ)

, (12)
 

η(T*) = ηTme
AT0

Tm−T0
·
Tm−T*

T*−T0 . (13)

σ (T∗) η(T∗)

η(T∗)

A T0 S(θ)

The key  feature  of  this  model  is  the  established  relationship  between the
critical interface energy  and the critical nucleation viscosity .5 The
temperature  and  time  dependence  of  the  critical  nucleation  viscosity 
are shown as blue lines in the main and inset of Figure 6B, respectively. Three
material-related  parameters , ,  and  were  determined  by  fitting

(T∗, t∗)
A T0

S(θ)

experimental  data  from  the  TTT  curve .
In  this  model,  and  in the  critical  nucle-
ation viscosity model are intrinsic properties of
the material system, while  is significantly
influenced  by  experimental  conditions.  Several
derived  thermodynamic  parameters,  obtained

from the quantitative analysis of the TTT curve, are listed in Table S7.

η− t
T0

T0

The  fitting  process  is  governed  by  several  constraints,  which  include  4
experimental  data  points  obtained  from  ultrafast  isothermal  measurements
in  this  study,  18  additional  data  points  in  the  low-temperature  region  from
traditional  measurement  methods,  and  the  high-temperature  melting  point
that  corresponds  to  infinite  incubation  time  at  a  stable  equilibrium  state.
Since the phenomenological model has only three unknown parameters, this
combination  of  constraints  effectively  ensures  the  reliability  of  the  fitting
process.  As shown in  both Figures 6A-B,  although only  a  limited number of
ultrafast crystallization data points are available, the fitted curves capture the
overall  trend  well  and  remain  accurate  in  the  nose-point  region—even  on  a
logarithmic timescale,  where the fitting is most sensitive.  Ultrafast and slow
phase-change data together  are essential  for  accurately  shaping the overall
TTT and  curves, especially their extension towards lower temperatures
and  longer  times,  which  affects  the  key  parameter .  In  other  words,  the
accurate  estimation  of  at  the  infinite-time  limit  is  made  possible  by  the
incorporation of ultrafast data points near the nose region, which were previ-
ously unavailable.

8×10−8 s

The data near the nose point of the TTT curve, corresponding to the short-
est  incubation  time  for  crystallization,  are  critical  for  fitting  and  determining
the  material  properties.  PCMs  must  exhibit  rapid  transition  rates  between
crystalline  and  amorphous  states,  which  are  essential  for  device  efficiency.
This study demonstrates that the Ge2Sb2Te5 nose point occurs at .

T0

T0

1012 1013 Pa ·s
T0

T0

206.54 K

t∗ 1033 s
1024

The  parameter  denotes  the  temperature  at  which  the  critical  viscosity
becomes infinite,  as well  as the temperature at  which the critical  incubation
time of the TTT curve diverges to infinity, as shown separately in Figures 6A-B.

 serves  as  an  effective  freezing  point  below  which  atomic  mobility
becomes sufficiently restricted, preventing structural relaxation within experi-
mentally  accessible  timescales.  Recalling  the  fundamental  question  about
the nature of the glassy state raised in the introduction, the transition from an
amorphous liquid to an amorphous solid is traditionally defined by a quanti-
tative change in viscosity with temperature, typically at  or  as
an empirical criterion.2,3,9 In contrast,  here establishes a precise thermody-
namic temperature boundary, marking a qualitative transition from the amor-
phous liquid to the amorphous solid phase.5 Specifically, the  for Ge2Sb2Te5

is ,  which  gives  a  clear  physical  picture  that  the  material  system
remains  in  an  amorphous  liquid  state  at  room  temperature  with  extremely
limited  fluidity.  While  atomic  motion  is  significantly  restricted,  the  material
system  retains  a  certain  degree  of  configurational  freedom,  theoretically
allowing for  the  possibility  of  crystallization.  However,  the  critical  nucleation
incubation time  for Ge2Sb2Te5 at room temperature is approximately 
(  years,  see Table  S7),  ensuring  that  Ge2Sb2Te5-based  phase  change
memory devices exhibit high thermal phase stability over extended periods.

Nevertheless,  the  applicability  of  the  approach  is  constrained  by  certain
limitations.  The current  time scale  of  PLIHS is  limited to  a  sub-nanosecond
scale. However,  at  shorter time scales,  such as picoseconds and femtosec-
onds, non-thermal laser-induced phase transition processes may take place,
which are beyond the scope of this article.86 Moreover, the classical thermo-
dynamic TTT curve model cannot adequately describe the multiple-nose TTT
curves often observed in multi-component amorphous systems, as it fails to
account for the influence of different compositions on nucleation and crystal
growth.87
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Figure 5.  Isothermal  laser  heating  strategy  and
optical  crystallization  identification (A)  Simulation
of  a  staircase  laser  waveform  for  an 
isothermal  platform. �(B)  Reflectivity  versus  pulse
width  for  isothermal  heating  of  a-Ge2Sb2Te5.
The inset shows a typical optical microscopy image
of the laser-induced crystallized phase on the amor-
phous matrix.

 
 

ARTICLE

The Innovation Materials 3(4): 100163, November 26, 2025　　　  7



 CONCLUSION

1011 K/s

100 ns 650 800 K

T0

In conclusion, this study developed an innovative approach for crystalliza-
tion thermodynamic characterization using PLIHS and successfully applied it
to Ge2Sb2Te5 materials, addressing the gap in ultrafast TTT curve characteri-
zation.  The  PLIHS-based  approach  surpasses  traditional  techniques  with
ultrafast  heating  and cooling  rates  exceeding . Integrated  with  cali-
brated finite element heat transfer simulations, it allows for precise control of
the  isothermal  program  and  ultimately  enables  the  characterization  of  the
TTT curve,  particularly  near  the  nose points.  Critical  nucleation  times below

 were  observed  within  the -  temperature range,  demon-
strating  the  rapid  phase  transitions  of  Ge2Sb2Te5.  This  innovative  technique
offers  the  potential  for  ultrafast  characterization  of  the  thermodynamics
involved in crystallization of a single phase governed by the nucleation-crys-
tal growth mechanism and is especially crucial for electronic materials such
as  PCMs,  facilitating  advancements  in  thermodynamic  studies  for  non-von
Neumann ANN applications.  By  integrating  calorimetric  data,  a  comprehen-
sive  TTT  curve  is  constructed,  which  is  effectively  depicted  by  a  single
phenomenological model. The analysis of the TTT curve and viscosity varia-
tion near the critical temperature  reveals the atomic configuration freezing
phenomenon  in  the  glassy  solid  state,  providing  a  new  research  tool  for
investigating the “nature of glassy substances”.
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