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A B S T R A C T   

We present a device driving testing platform based on vertically integrated nano light emitting diodes (nano- 
LEDs). The nano-LEDs with a peak wavelength emission centered at ~ 445 nm were arranged in arrays and 
conditioned using a laser-micro-annealing process to individually tune their intensity. They were coupled with 
freestanding monocrystalline Ge1Sb2Te4 nano-membranes with three different thicknesses (~40, ~ 60 and ~ 90 
nm) with the aim of initializing ultrafast switching processes and of observing phase changed states simulta-
neously by Raman spectroscopy. Raman spectroscopy studies reveal that the optical pulses emitted from the 
nano-LEDs induce substantial, local changes in the nano-membranes’ states of the Ge1Sb2Te4 layered material. 
Beside the crystalline state in non-exposed areas (as-grown material), amorphous and different intermediate 
states were identified in exposed areas as island-like structures with diameters ranging from ~ 300 nm up to ~ 
1.5 µm. The latter confirms the nano-LEDs’ emission role in both near- and far-field regimes, depending on the 
distance between nano-LED and nano-membrane, for driving i.e. inducing the phase change process. The results 
presented demonstrate the suitability and potential of the vertically integrated nano-LEDs as the key components 
for a testing platform/for electro-optical convertors driving phase change processes in optically active media. 
They could also play an important role in the development of future, e.g., non-volatile data storage as well as in 
optical and neuromorphic computing architectures based on transmistor devices.   

Introduction 

Chalcogenide phase change materials (PCMs) – for example GeTe 
and GeSbTe alloys - play an important role in a plethora of applications 
such as in resistive random access memories (ReRAM) [1–3], optical 
data disc technology [4], and further alternative application examples 
[5–17]. Furthermore, it was already proposed that such chalcogenide 
materials could play an essential role also in future neuromorphic 
computing developments [18] as well as in novel optical computing 
architectures based on transmistor devices presented in our previous 
work [19–21]. These applications utilize the unique properties of this 

class of materials, that a change in their structural properties, i.e. a 
change of phase [22], leads to a large change in resistivity [23] and in 
optical characteristics such as refractive index [24] and absorption co-
efficient. In the thermodynamically stable form [25] the above 
mentioned alloys crystallize in a layered trigonal structure. The mono-
crystallinity of such layered alloys renders them important for further 
applications such as in energy storage and conversion [26–29], spin-
tronic emitters [30,31], as well as active medium in all-optical switches 
implemented in transmistor devices [19,20]. The preparation of 
monocrystalline films of one of the GeSbTe alloys on Si substrates - 
Ge1Sb2Te4 [32,33] – by epitaxy enables the determination of further 
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characteristics of Ge1Sb2Te4 [20]. Additionally, it allows the preparation 
of free-standing membranes and their integration into coplanar strip 
lines. Thus, a better understanding of charge transport related phe-
nomena and the optical and electrical characterization of their intrinsic 
nanostructure attributes becomes possible [34]. 

The determination of the critical heat for such layered chalcogenides 
on the one hand (i.e. the heat above which degradation of the material 
sets in) and the knowledge on how to prevent thermal damage on the 
other hand will play an essential role in the reliability and long-term 
operation of devices for many applications. Furthermore, it is impor-
tant to know, when a structural change of the material sets in at the 
earliest stage (which we call the minimal initialization heat) and when 
the amorphous phase is reached (i.e. the minimum heat level for phase 
change). These characteristics are important in especially layered 
chalcogenide materials which can easily deteriorate and/or are prone to 
phase changes. Therefore, compact and non-invasive optical character-
ization methods are mandatory. 

Light emitting diodes with lateral dimensions in the nanometer range 
(nano-LEDs) represent a core component for the next generation of on 
chip optical communication, integrated photonics quantum technolo-
gies, highly resolved illumination microscopy and advanced near-field 
lithographical techniques [35,36]. Previously, we have demonstrated 
that GaN based nano-LEDs are promising multi-functional light emitting 
devices, which can be used for hybrid single photon sources as well as 
light detectors, and energy-saving devices [37–40]. The monolithic 
integration of GaN-based devices such as HEMT-LEDs [41,42] provide 
the multi-functionality for achieving simpler and efficient micro-LED 
display designs as well as other opto-electronic applications. Neverthe-
less, there still is a lack of attention to device architectures suitable for 
reliable and long-term operated nano-LED driving layouts. Recent de-
velopments in III-nitride technologies [36,43–62] are significant also for 
the development of suitable optical device architectures - especially for 
driving nano-LED structures. Therefore, unconventional device concepts 
based on current group III-nitride device technologies represent one 
possible route towards low energy consuming and efficient nano-LED 
integrated electro-optical convertors. 

Here, we report on an alternative application for III-nitride based 
nano-LEDs in arrays: the provision of a testing platform. It consists of 
individually conditioned nano-LED optical sources [63] integrated into 
a vertical device testing layout enabling the local induction of structural 
phase changes and the simultaneous study of their evolution by Raman 
spectroscopy. In this work we employed the testing platform to drive 
and investigate the phase change evolution in layered chalcogenide 
Ge1Sb2Te4 nano-membranes. The nano-LEDs were conditioned after 
their fabrication by the lately described laser-micro-annealing process 
for III-nitride based LEDs [63] (also employed for other 2D and layered 
material structures [64,65]) allowing an individual tunability of their 
characteristics. The testing platform is presented schematically in Fig. 1. 
Ge1Sb2Te4 nano-membranes with three different thicknesses were 
transferred directly after growth from their parent substrate to the 
testing nano-LED platform with the help of transfer techniques described 
and developed by our group earlier [34,66–68]. This testing approach 
can be implemented to correlatively characterize complex problems 
related to reliability and long-term operation of devices brought up, for 
example, by layered chalcogenide materials. 

Experimental 

Material synthesis of layered trigonal Ge1Sb2Te4 

Thin epitaxial and monocrystalline Ge1Sb2Te4 films of ~ 40 nm, 
~ 60 nm and ~ 90 nm thickness were deposited by metalorganic vapor 
phase epitaxy (MOVPE) in a home built reactor [20]. The carrier gas 
nitrogen, which also served as the reaction ambient, was used to 
transport the precursor compounds digermane (10 % in H2), triethy-
lantimony and diethyltellurium to the reactor. The carrier gas bubbles 

through the liquid metalorganic precursors and saturates with their 
respective vapor pressures. Growth was carried out at 450 ◦C, 50 hPa 
reactor pressure and at growth rate of ~ 100 nm/h on silicon (111) 
substrates after having removed their native oxide with a dip in 1 % HF 
and a subsequent annealing procedure. Further details can be found in 
[32]. These thin films formed the basis for the nano-membranes, which 
were detachable from the substrate due to the film‘s layered nature. The 
obtained epitaxial Ge1Sb2Te4 crystallizes in the thermodynamically 
stable trigonal phase in the space group R 3m. It is characterized by 
seven alternating anion and cation layer blocks separated by (van der 
Waals) gaps. The Ge and Sb atoms are statistically distributed on the 
cation layer site [25] and are coordinated by Te in defective octahedra. 
These layer blocks are oriented parallel to the Si growth template surface 
[33]. Fig. 2 depicts the high-angle annular dark-field scanning trans-
mission electron microscopy image (HAADF-STEM) of the layered 
chalcogenide. The cation, anion and van der Waals gap positions are 
indicated. For this chalcogenide, our testing platform with nano-LEDs 
was used. 

Fig. 1. Principal schematics of the nano-LED structures integrated into the 
vertical device layout for DC and HF characterization. The nano-LEDs form an 
array with seven different annealing conditions: annealed locally from E1 to E7 
(with increasing laser annealing time). The LEDs’ electroluminescence (EL) 
intensity becomes higher according to the laser-micro-annealing (LMA) process 
carried out [63]. For the sake of material testing by micro-Raman spectroscopy, 
the Ge1Sb2Te4 nano-membrane was transferred and positioned on top of the 
nano-LED array. The platform enables the simultaneous local induction of 
structural phase changes and the study of the evolution by Raman spectroscopy. 

Fig. 2. High-angle annular dark-field scanning transmission electron micro-
scopy image (HAADF-STEM) of the studied layered chalcogenide Ge1Sb2Te4 
reported previously by Hardtdegen et al. [33] indicating the cation, anion and 
van der Waals gap positions. 
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Driving and testing platform based on vertically integrated nano-LEDs 

In the following, SEM images (Fig. 3) of our nano-LED testing plat-
form / the electro-optical convertors are presented. The nano-LEDs are 
functionally arranged and integrated in a vertical device layout suitable 
for HF operation. This device concept allows for a very flexible inte-
gration process with conventionally used optoelectronic devices and 
circuits as well as optical interconnects serving as an “interface” for data 
transfer and communication systems. Our concept is not limited to 
layered chalcogenide materials. It could also be implemented and inte-
grated with a large range of other optically active materials. After the 
fabrication of the nano-LEDs in arrays [38], they were individually 
conditioned using the 325 nm line of a continuous wave (cw) HeCd 
laser: a constant laser power (~ 0.8 kW/cm2) was employed, with which 
a successful local annealing had been demonstrated and the annealing 
time was varied between 2 s and 15 s [63]. By doing so, an array of nano- 
LEDs intentionally emitting with different emission intensities is ach-
ieved, i.e. the electroluminescence of the III-nitride nano-LEDs can be 
tuned. Since we know, how and where the individual nano-LEDs were 
conditioned, we were able to directly relate the respective nano-LED 
position to the site where the material is tested. The testing platform 
is then ready for material characterization. 

The nanostructures – in this case a Ge1Sb2Te4 nano-membrane - can 
be transferred to the testing platform and positioned with the help of a 
quartz-glass micro-pipette connected to a 3D micromanipulator system. 
Details to this enhanced transfer technique were presented earlier 
[66–70]. They were already used for the fabrication of ultrafast femto- 
and picosecond photoswitches, photodetectors and THz sources [66,71]. 
The procedure is suitable for separating thin semiconductor films for 
switches, mesostructures [67], nano-membranes [34] and related nano- 
/ micro-meter sized objects from their native substrates, defining the 
structure and transferring the nanostructure from the native substrate to 
a host substrate. 

The positioning procedure for the nano-membranes was extensively 
optimized to ensure that the intrinsic material-structure properties were 
not unintentionally altered. Fig. 4 presents a detail of nano-membrane 
structures defined lithographically and after the Ar ion beam etching 
(IBE) process. Special attention has to be paid to the mechanical stability 
of such optically active nano-membrane structures. As it can be seen 
from Fig. 4, the transfer of the single nano-membranes could lead to 
mechanical damage. Fig. 5 presents exemplary images of the Ge1Sb2Te4 
nano-membrane transferred to the nano-LED testing platform. 

Optical characterization 

A homemade signal generator was used for the generation of 20 ns 
electrical pulses driving the nano-LED structures integrated in the 
testing platform / the electro-optical convertors. As a result, the 
generated nano-LEDs’ optical pulses induced the phase change evolu-
tion in the chalcogenide nano-membranes, which was simultaneously 
detected by micro-Raman spectroscopy. The ~ 20 ns optical pulses with 
energies in the range between ~ 0.1 pJ and ~ 30 pJ enabled the phase 
change evolution also up to the undercooled amorphous liquid phase 
and beyond. These values for optical switching are sufficient, depending 
on the spot size i.e. illuminated area, and comparable to energy densities 
necessary for the phase change initialization previously reported in 
[11,14,73]. Micro-electroluminescence (EL) studies on the conditioned 
nano-LED structures with a diameter of ~ 100 nm were performed in the 
5 V bias voltage DC regime. The recorded EL spectra are presented in 
Fig. 6. 

The nano-membranes were characterized by micro-Raman spec-
troscopy to confirm structural (phase) changes in the nano-membrane. 
To this end, an InVia FSM-REFLEX confocal Raman microscope 
(Renishaw) in backscattering geometry was used, which was equipped 
with a frequency-doubled Nd:YAG laser (532 nm, 50 mW) and a CCD 
detector. The power applied and magnification of the employed objec-
tive were 0.5 mW and 100X, respectively. Spectra were recorded in the 
range between ~ 80 cm− 1 and ~ 200 cm− 1. Prior to the studies, the 
spectra were referenced according to the laser peak position at 0 cm− 1, 
the spectrometer was referenced by acquiring a spectrum of Si, which 
was referenced to the transverse optical phonon at 521 cm− 1. 

Results and discussion 

The EL of the nano-LEDs in the arrays was characterized at room 
temperature for several different LMA times. Representative spectra are 
presented in Fig. 6(a). The nano-LEDs’ peak emission is centered at ~ 
445 nm. Following the applied conditioning process i.e. the annealing 
time, the intensity of the nano-LEDs’ EL becomes higher [63]. A repre-
sentative mapping of the electroluminescence intensity (performed at 
445 nm) is presented in Fig. 6(b) showing, that the tuning of the LED 
intensity is successful. 

Subsequently, Ge1Sb2Te4 nano-membranes with three different 
thicknesses were placed on the nano-LED array platform, the nano-LEDs 

Fig. 3. Exemplary SEM images of fully integrated nano-LED structures in a 
device layout suitable for DC and HF characterization and details with different 
magnifications exhibiting the array of nano-LEDs with a transparent Ni/Au (5/ 
5 nm) top contact and annealed Ti/Al/Ni/Au bottom contacts. 

Fig. 4. Example of the nano-membrane structures after the structuring process 
and subsequent transfer to the insulating sapphire (interim storage) substrate. 
The structures were covered with photoresist to ensure primary protection 
during the etching process. The applied protective photoresist layer serves 
additionally to improve the nano-membrane structural integrity and will be 
removed after positioning at the testing platform (presented in the 
following Fig. 5). 
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of which were conditioned as presented in Fig. 6. The nano-LEDs can 
induce structural phase changes (in a bottom-up geometry), whilst the 
changes are simultaneously observed by Raman spectroscopy. Fig. 6(c) 
depicts an example of a micro-Raman mapping of the Ge1Sb2Te4 nano- 
membrane demonstrating the effect of different nano-LED intensities on 
the Ge1Sb2Te4 nano-membrane placed on the testing platform i.e. above 
the nano-LEDs. The black area relates to crystalline non phase changed 
material. The purpose of the Raman study is to determine the minimal 
initialization heat for first structural changes, the minimal heat level at 
which the amorphous phase is reached (i.e. still reversible structural 
changes) and the critical heat above which the material degrades 
(irreversibly) for such layered chalcogenides. Representative Raman 

spectra for a 90 nm thick Ge1Sb2Te4 nano-membrane are shown in 
Fig. 7. Spectra were recorded before excitation (below E0), then for 
several different consecutively increasing emission intensities applied to 
the nano-membrane. The signature of the crystalline phase (E0,E1) is 
characterized by a broad band of vibrational modes [74] starting at ~ 
100 cm− 1 and ending around 175 cm− 1 [20]. A local maximum in the 
broad band is found at ~ 125 cm− 1. This observation of the broad band 
is most probably related to the structure of the crystalline trigonal 
Ge1Sb2Te4 in which Ge and Sb statistically occupy the octahedral sites, 
leading to distortions of the octahedra [33] and therefore differences in 
bond lengths [24,75] within the (Ge,Sb)Te6 octahedra. Furthermore, the 
relatively low Raman intensity may be related to the quasi-metallic 

Fig. 5. Exemplary optical microscope images of a Ge1Sb2Te4 nano-membrane transferred to one of the nano-LED testing platforms i.e. to the electro-optical (EO) 
convertors in three different magnifications. Blue optical pulses are only an artistic illustration and a guide to the eye. The device layout (contact pads) of the 
presented testing units is suitable for operation up to ~ 100 GHz and is based on already developed HEMT technology previously reported [72]. 

Fig. 6. (a) Representative micro-EL spectra of single nano-LED structures in an array with seven exemplary different intensities E1… E7 (b) respective micro-EL 
mapping at the central emitted wavelength of 445 nm performed on the conditioned (locally annealed) nano-LEDs arranged hexagonally in an array and 
compared with their non-locally annealed nano-LED counterpart (E0); the nano-LEDs’ EL intensity becomes higher according to the LMA conditioning process time 
used [63]. (c) Example of a micro-Raman mapping of a ~ 90 nm thick Ge1Sb2Te4 nano-membrane demonstrating the effect of different nano-LED conditioning / 
intensities on the Raman spectra recorded from the Ge1Sb2Te4 nano-membrane placed on the testing platform i.e. above the nano-LEDs. The black area relates to 
crystalline non-phase changed material (~125 cm− 1). 
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appearance of the membranes partially reflecting the nano-LED radia-
tion. As the emission energy increases, distinct modes evolve from the 
broad band and an additional band appears at ~ 139 cm− 1. Different 
polymorphs can develop [7,76] and intermediate states [16] may evolve 
(E2–E4). In the amorphous phase (E5-E7), a homogenization of bond 
lengths occurs, which is then the reason for the observation of the 
distinct respective bands. 

A decrease of the Raman shift of the most intense Raman mode is 
observed from the crystalline phase (~ 125 cm− 1) to the amorphous 
phase (~ 120 cm− 1). This decrease can be used to determine the mini-
mal heat level at which the amorphous phase is reached (i.e. reversible 
structural changes are induced) for trigonal epitaxial Ge1Sb2Te4. 

The Raman shift versus heat (generated by the nano-LED optical 
pulses) dependence is presented in Fig. 8 for three different nano- 
membrane thicknesses. The respective Raman shift remains constant 
for a specific phase i.e. the crystalline or the amorphous. The onset of 
phase change is, in contrast, dependent on the thickness of the mem-
brane. Hence, the heat necessary to attain the amorphous phase is 
different for all three nano-membrane thicknesses. This can be explained 
by the variation of material volume to which heat is transferred. From 
the results presented in Fig. 8 the values for the critical heat above which 
the material degrades (irreversibly) for such layered chalcogenides were 
determined as follows: ~ 17, ~ 23 and ~ 30 pJ for ~ 40, ~ 60 and ~ 90 
nm thin Ge1Sb2Te4 nano-membranes, respectively, and are marked with 
arrows in Fig. 8. After exceeding the critical heat values, irreversible 
structural changes in all three cases were observed. One possible effect, 
which certainly has a direct impact on the observed critical heat values, 
is the non-uniform distance between the nano-LEDs generating the op-
tical pulses and the investigated nano-membrane materials. Fig. 1 pre-
sented a schematic of the ideal case i.e. if the nano-membrane is directly, 
mechanically in contact with the nano-LED testing platform. However, 
as it can be seen in Fig. 6(c), the phase changed areas are not all totally 
round but rather some are oval and, in addition, are not of the same size. 
This indicates, that the nano-membrane positioned above the nano-LED 
emitting area may be locally, mechanically deformed resulting in vari-
ations in the incident optical power and different optical power densities 
in the cases of individual nano-LED emitting units (conditioned and 
arranged in the arrays) and finally in the non-uniform distribution of the 
developed heat, which induced the phase change locally - not only its 
state, but also the total nano-membrane area. This is clearly demon-
strated in Fig. 9 by representative micro-Raman mapping images. 
Indeed, the smallest area where we could observe a phase change in this 
study was in the range of ~ 300 nm in diameter (see Fig. 6(c)), which 
indicates that at least partially (in a few cases below 10 %) the me-
chanical contact between the emitting nano-LEDs and the nano- 
membrane was in the range below the emitting wavelength (near-field 
regime). In our previous work [37] we already introduced near-field 
nano-LED assisted lithography. The photo-chemical reactions were 
induced locally in a photosensitive film. After the subsequent developing 
process “hole” structures of about 75 nm were demonstrated. 

Furthermore, as it can be seen from Fig. 9, several phase change 
modified nano-membrane regions monitored by the micro-Raman 
measurements are not located at exactly the same positions as their 
hexagonally arranged nano-LED emitting sources below them. This can 
be explained by an additional mechanical effect leading to a non- 
uniform contact to the underlying nano-LED emitting sources. Origi-
nally, i.e. before exposure to the nano-LEDs, the intrinsic nano- 
membrane defined and transferred from the native substrate to the 
host substrate is mechanically relaxed and the nano-membrane is in 
close contact with the nano-LEDs. The regions exposed to the nano-LEDs 
with a larger intensity gradually become amorphous indicated by a shift 
of the Raman mode from ~ 125 cm− 1 to ~ 121 cm− 1. They locally 
expand their volume more than those subjected to a lower nano-LED 
intensity. This explains the observed displacement of the phase 
changed material position. This effect could be possibly used, in future, 
to induce locally non-uniformly distributed strain regions in PCM nano- 
membranes and in such a way to reach favorable “memory” effects in 
optical computing circuits or data storage architectures. Nevertheless, 
the presented data for the critical heat for all three investigated nano- 
membranes yielded important information. Especially as future optical 
computing architectures and very early stage single logic optical units 
(currently under development) based on such materials require clearly 
defined values for reliable long-term operation. 

For the calculation of the minimal theoretical amount of heat 
necessary for a phase change state initialization from crystalline to 
amorphous we used the following equation: Qc = ρ× VN × (cP × ΔT +

cLat). Here, ρ is defined as the volumetric mass density of the individual 
phase change material, VN is equal to the total nano-membrane volume. 

Fig. 7. Representative Raman spectra collected at different positions locally on 
the Ge1Sb2Te4 nano-membrane. Different intensities from the nano-LED struc-
tures induce different degrees in the evolution of phase change: an increasing 
distinction of the bands is observed and a main band evolving from ~ 125 cm− 1 

forms from crystalline (E0,E1) through intermediate states (E2-E4) to amor-
phous states at ~ 120 cm− 1 (E5-E7). 

Fig. 8. Raman shift versus heat. The starting point of the phase change and the 
end point is characterized by the Raman shift ~ 125 cm− 1 and ~ 120 cm− 1, 
respectively which is independent on the thickness of the membrane. The 
evolution of phase change is characterized by intermediate states i.e. inter-
mediate Raman shifts. The heat at which structural changes are induced, in 
contrast, depends on the thickness of the membrane. 
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The mass ρ × VN should remain constant during the phase change. cP 
and cLat are the specific heat constant and the specific latent heat con-
stant, respectively. The following parameters are inserted into the 
equation to calculate the heat necessary to induce the phase change. The 
density of the trigonal and of the amorphous Ge1Sb2Te4 phase is 6.35 g 
cm− 3 and 5.9 g cm− 3, respectively [77]. For simplification, the value for 
the specific heat was assumed to be constant and ~ 209 Jkg-1K− 1 

[78,79], in the temperature range under consideration i.e. ΔT ~ 150 K 
[80]. Since the contribution of the latent heat to the phase change 
initialization heat is negligibly small [81], it is not included in the 
calculation. Taking into account the estimated average exposed area ~ 
1 µm2 (from Fig. 9) by a single nano-LED and for example a 100 nm thin 
Ge1Sb2Te4 nano-membrane [20] the minimal theoretical heat level 
necessary for reaching the amorphous state (~120 cm− 1) should attain a 
heat level ~ 20 pJ. As it can be seen from Fig. 8, our measurements 
indicate rather higher heat levels (~ 10 pJ, ~ 18 pJ, and ~ 25 pJ for ~ 
40, ~ 60 and ~ 90 nm thin nano-membranes) than the theoretically 
determined levels for our nano-membrane thicknesses. This result could 
be attributed to heat dissipation effects, since the island-like structures 
(defined locally in the nano-membrane after nano-LED exposure) are not 
spatially thermally isolated, but rather a part of a larger nano-membrane 
area (see Fig. 9). 

In addition, the onset of phase change is dependent on the thickness 
of the membrane. First structural changes with Raman shifts around ~ 
123 cm− 1 evolve already at heat levels below 1 pJ for all three nano- 
membranes. A constant Raman shift for a specific phase i.e. the crys-
talline or the amorphous is observed independent of the nano- 
membrane thickness. The critical heat above which all three nano- 
membranes degrade was finally determined. The experimental results 
for the presented chalcogenide materials considered for future trans-
mistor and/or all-optical switches devices indicate that the knowledge of 
minimal initialization heat as well as critical heat levels is crucial for 
long-term and reliable device operation. 

Conclusions and outlook 

We reported on the preparation of freestanding monocrystalline 
layered Ge1Sb2Te4 nano-membranes with three different thicknesses 
(~40, ~ 60 and ~ 90 nm). They crystallize in the thermodynamically 
stable trigonal phase in the space group R 3m. Their properties with 

respect to phase change evolution were studied. To this end, nano- 
membranes were transferred to a device driving testing platform 
based on vertically integrated nano-LEDs, which were conditioned 
(locally annealed) to obtain different EL intensities. The platform 
allowed us to induce phase changes and to simultaneously observe their 
evolution by Raman spectroscopy. It was then employed as an effective 
tool for the determination of the critical heat in this optically active 
media. The results obtained can be summarized as follows:  

(i) micro-Raman mapping at 125 cm− 1 reveals that the crystalline 
state extends over a large area in the non-exposed Ge1Sb2Te4 
nano-membrane regions. Furthermore, nano-membrane regions 
exposed locally to the nano-LEDs’ optical emission exhibit 
different phase change states from the crystalline, through in-
termediate states to the amorphous phase. A decrease of the 
Raman shift of the most intense Raman mode is observed from the 
crystalline phase (~ 125 cm− 1) to the amorphous phase (~ 120 
cm− 1). This decrease was used to determine the minimal heat 
level at which the amorphous phase is reached for trigonal 
epitaxial Ge1Sb2Te4 nano-membranes. The phase change process 
itself was induced by optical pulses both in the near- and far-field 
regime as demonstrated by the size of phase change modified 
lateral regions with a dimension from ~ 300 nm up to ~ 1.5 µm.  

(ii) the starting point of phase change initialization i.e. the minimum 
heat was identified for all three layer thicknesses in the range 
below 1 pJ. Additionally, values of the critical heat for trigonal 
epitaxial Ge1Sb2Te4 were determined as follows: ~ 17, ~ 23, 
~ 30 pJ for ~ 40, ~ 60 and ~ 90 nm nano-membrane thick-
nesses, respectively. 

The current achievements disclosed that optical pulses generated by 
nano-LED structures can induce substantial phase changes at the pre-
defined Ge1Sb2Te4 nano-membrane positions. Our results demonstrate 
the suitability and potential of the vertically integrated nano-LEDs as 
key components for an electro-optical testing platform to drive phase 
change processes in optically active media. This represents a significant 
step forward in the development of next generation transmistor based e. 
g. non-volatile data storage, optical and/or neuromorphic computing 
architectures. 

Fig. 9. Representative micro-Raman 
mapping images performed on the ~ 
90 nm thin Ge1Sb2Te4 nano-membrane 
at Raman modes: (a) 125 cm− 1 and (b) 
in the range 120 ÷ 125 cm− 1. Micro- 
Raman mapping at 125 cm− 1 (a) re-
veals that the crystalline state extends 
over a large area (green) in the 
Ge1Sb2Te4 nano-membrane regions, 
which were not exposed to the nano- 
LEDs’ optical pulses. High intensity re-
lates to the color green, a change in 
phase to a low intensity (color black). 
Intermediate phase change states be-
tween the amorphous and crystalline are 
identified locally by micro-Raman map-
ping (b) in the range 120 ÷ 125 cm− 1 

(green marked regions). The phase 
change process was induced by optical 
pulses generated from the nano-LEDs 
integrated in the vertical device layout 
of which the final device testing plat-
form is comprised of as presented in 
Fig. 3 (see 2. Experimental). (For inter-
pretation of the references to colour in 
this figure legend, the reader is referred 

to the web version of this article.)   
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