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Abstract

Technology advances on phase change memories based on GeSbTe alloys rely on complex material analyses in extremely minia-

turized electrical devices and so require numerous and tedious tasks. In this work, we optically emulate and measure the phase

change of GeSbTe alloys without the need for device integration. Using microsecond laser pulses, we crystallize multilayer

thin-film systems. The irradiated materials are then investigated using microscopy and spectroscopy methods. By comparing

measurements with optical simulations, we demonstrate that quantitative descriptions are achievable and thus that local phase

changes of ultrathin films can be directly monitored. An improved detection sensitivity is found for the infrared region of the

spectrum leading to the use of a transmission microscopy arrangement operated at 1200-nm wavelength for insitu studies. With

appropriate laser conditions under damage threshold, we demonstrate the ability of the pulses to selectively crystalize Ge2Sb2Te5
layers while leaving untouched other germanium-rich layers due to distinct crystalization temperatures. The optical detection

scheme is shown to detect phase changes of single ultrathin films with thicknesses as small as 5 nm. This opens a way for

all-optical methods complementing advanced material analyses for GeSbTe material studies and the development of the next

generations of phase change memories.

Keywords: laser-matter interaction, multilayer thin films, crystallization, phase change materials, optical microscopy,

spectroscopy.

1. Introduction

In the 60’s, S. R.Ovshinsky et al. made a scientific breakthrough

when they first observed a fast and reversible switching effect

in the STAG (Si12Te48As30Ge10) composition [1]. This demon-

stration of unique phase change properties was the founda-

tion of optical disk technologies and phase change memories

(PCM). After decades of investigations of various alloys of

phase change materials, it becomes evident that Ge2Sb2Te5 al-

loy stands out. It is today a widely employed material in PCM

devices because of its ultrafast switching time [2] (in the order

of nanoseconds or less) and long-term stability [3] (exceeding

years). A large number of switching cycles between 10
5
and

10
12

depending on configurations [4] are also demonstrated

ensuring reliable and durable memory storage. The properties

are crucial for upholding the integrity of the stored data and

the performance of the device. In particular, the GeSbTe alloy

(GST) composition and technology configuration is actually a

major concern for industrial applications.

In PCMs, the optimized amplitude and duration of the ap-

plied electrical pulses lead to the reversible phase-switching

effect resulting in a drastic change in the local electrical prop-

erties which is the basis for information storage. Information

is basically stored as low-resistivity crystallinememory points,

erasable through local re-amorphization of the matrix. While

re-amorphization is a rapid process, the crystallization process

is comparatively slow, imposing constraints on the data trans-

fer rate. Despite the ease of implementing electrical switching

in commercial devices, challenges like impedance mismatch

and non-uniform phase change distribution in GST materials,

attributed to uneven joule heating, can impede the speed and

reliability of this switching process [5]. As evidenced by op-

tical disk technologies based on similar materials, the phase

change of the material does not only significantly affect the

electrical characteristics (resistivity), but important variations

in the optical properties (reflectivity or transmittivity) are also

highly expected even for electrical device configuration. This

gives the vision of this work aiming at developing an all-optical

method for studying PCM materials.

In relationwith this vision, themost important experimental

parameter in laser annealing experiments is the applied laser

fluence which is the energy density per pulse on the target

(in J/cm2
). At low fluence levels, the material’s structure re-

mains unchanged, as the delivered energy is insufficient to in-

duce alterations. Conversely, at high fluence, one can easily

observe ablation and the removal of the material surface, at-

tributed to the excessive energy imparted [6]. Reversible phase

change occurs in intermediate regimes between these two con-
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ditions. Concentrating on past research involving laser experi-

ments on GSTmaterials, it is interesting to note that numerous

groups investigated the laser response, in space and time, of

Ge2Sb2Te5 in different configurations [7, 8, 9, 10, 11, 12, 13,

14, 15, 16, 17]. However, despite these efforts, extracting a

comprehensive picture of the response to laser radiation re-

mains challenging. The complexity arises from variations in

sample compositions, thicknesses, and laser irradiation condi-

tions (laser wavelength, fluence, repetition rate, and number

of applied pulses) as well as the use of diverse characterization

techniques, often sensitive to different properties. Moreover,

some of these works focus on the use of extremely short laser

pulses with durations down to the femtosecond regime and so

inducing dynamical processes significantly faster than those

in real memory devices. The high intensity inherent to these

pulses potentially induces non-thermal responses [18] leading

to material transformations which are hardly representative of

PCM device conditions. Laser annealing with longer pulses is

however expected to achieve pure-thermal stimulation repre-

sentative to technological conditions.

In this article, we investigate multilayer GST systems

annealed using microsecond laser pulses. The pulses are

expected to induce purely thermal conditions favorable to

achieve phase transitions from amorphous to crystallized

states with micrometer spatial control. Using different op-

tical characterization techniques including spectroscopy and

microscopy techniques, we identify the spectral domains and

optical probing methods which are the most sensitive to de-

tect the crystallization process in ultrathin films. From this,

we develop an operational laser setup capable of locally in-

ducing and in situ probing the phase change of GST thin films.

The quantitative agreement between the measurements and

predicted optical signature demonstrates an all-optical tool to

study phase change responses depending on material compo-

sitions and layer arrangements. This can serve to directly iden-

tify the most promising material configurations for technolog-

ical considerations.

2. Experimental techniques

2.1. Studied samples
In this work, we do not consider spatial configurations directly

corresponding to PCM devices made of individual cells scaled

down to the nanoscale in the three dimensions for high den-

sity information storage. Instead, we study one-dimensional

thin-film GST systems made of distinct layers with different

compositions in order to address Materials Science questions

relevant for technology developments.

All our studied thin-film samples are supported by 700 µm
thick silicon (001) substrates (both sides polished) and the in-

vestigated GST materials are grown by sputtering method us-

ing an industrial Physical Vapor Deposition (PVD) reactor.

We prepare GST layers with stoichiometry close to Ge2Sb2Te5
and Ge-rich GST alloys (hereafter called GGST). The Ge con-

centration in GGST layers is > 50%. According to the ther-

modynamic phase diagram, amorphous Ge2Sb2Te5 first trans-

forms into a metastable face-centered cubic (fcc) at ∼ 150°C,

then to a compact hexagonal (hcp) defected phase at ∼ 430-

450°C. Recently it has been shown that GGST compared to

GST can be beneficial to provide lower crystallization rates and

higher phase change temperature of approximately 350°C [19].

However, in real memory devices, the kinetics of amorphiza-

tion/crystallization of GST materials involves fast dynamical

processes very different from those in thermodynamic steady

state. Long thermal annealing (using a furnace) can then serve

for comparisons between various chalcogenide alloys, but can-

not give the understanding of the material responses in real

fast annealing conditions. The short-pulse laser annealing

method proposed here is then expected to be more represen-

tative to technological conditions and must offer an opportu-

nity to confirm different crystallization threshold conditions

depending on alloy compositions.

Thanks to a limited thermal budget during the deposition

process, the studied films are initially almost fully amorphous

as confirmed by transmission electronmicroscopy (TEM) anal-

yses. For this academic study, we have used GGST materials

also doped with nitrogen (N), by choosing among all the differ-

ent available dopings (N, C, As, In), that are commonly known

as beneficial for PCM. From literature, it is known that the in-

troduction of N-doping significantly restrains the crystalliza-

tion of Ge, hinders the diffusion of Ge within GST-based alloys

due to the development of robust Ge-N bonds, and also reduces

the average grain size of the resulting crystallized phases [20,

21].

Three types of samples involving GST and GGST layers of

total thickness t varying from 50 to 150 nm were prepared

for this work. The characteristics of the studied samples are

summarized in Table-1. The first type of sample (Type-1)

Samples Type-0 Type-1 Type-2

Capping layer None TiN TiN

Layers

0.9t GGST,
0.1t GST

0.9t GGST,
0.1t GST

Stack of 10 layers

(0.1t GST +

0.1t GGST
repeated 5 times)

Substrate Si Si Si

Table 1: Characteristics of different types of studied multilayer GST samples

of different total thicknesses t . The description includes the thickness values

for GST and Ge-enriched GST (GGST) layers according to the compositions

described in the text. The substrate is identical for all samples and the presence

or not of a protective layer (capping) is mentioned for the different types of

samples.

comprises a thick GGST layer with thickness corresponding

to 90% of the total thickness t , while a GST thin film is sand-

wiched between this layer and the substrate. The second type

(Type-2) implies the same material compositions but in a mul-

tilayer configuration. It features a stack of 10 layers based on

a thin GST and GGST layer combination repeated five times.

The sensitivity of optical methods obviously depends on film

thicknesses. With these choices, we can compare samples of
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identical thicknesses t . As we will see later on, the important

difference in relative proportion between GGST and GST ex-

hibiting very different threshold conditions for crystallization

gives us also the possibility to assess the sensitivity of the op-

tical detection methods applied to extremely thin films. In par-

ticular, the presented results concentrate on the samples with

t = 50 nm and so allow stying the sensitivity down to 5 nm

GST.

Another important aspect to consider was the possible oxi-

dation of the films that may cause difficulties for reproducible

results according to studies showing a dependence of the oxi-

dation degree for the crystallization temperature of GGST [22].

For this reason, Type-1 and Type-2 samples are capped with a

21-nm protective layer of TiN (insitu deposited). In addition to

improved sample stability, TiN gives another advantage as it is

strongly absorbing at the laser wavelength used for this work

(1.07 µm). According to the absorption coefficient for sputtered

TiN films measured [23] at α ≈ 6.5×105
cm

−1
(much higher

than for GST materials) the corresponding penetration depth

(∼ 15 nm) is under the thickness of the TiN thin layer. In this

way the heat source applied to the system and controlled by

laser irradiation is confined in this layer and thus can be con-

sidered as identical for both types of samples which would not

be the case without capping. Despite this simplification, one

should not ignore to account for the optical response of TiN in

the applied diagnostics. This may raise also questions for po-

tential screening effects from this layer limiting the sensitivity

of optical methods to monitor transformations in the under-

neath GST layers. This is the reason why the study integrates

also comparisons with another type of sample named Type-0,

strictly identical to Type-1 but without the TiN film.

2.2. Laser irradiation set-up and optical diagnostics

The experimental arrangement developed for initiating laser-

induced modification of the GST films is schematically de-

picted in Figure 1. The samples are exposed to laser irradiation

in ambient air using a source (IPG, YLR-150/1500-QCW-AC)

operating in a so-called quasi-continuous wave (QCW) regime

at a central wavelength of 1070 nm. In practice, its integrated

electronics gates a continuous emission to deliver pulses of

50-µs minimal duration. The laser beam irradiates the sam-

ple at an angle of incidence of ∼ 28°. The angle of incidence

of the laser beam on the sample is precisely controlled using

two mirrors (see M1 and M2 in Figure 1). A focusing lens (L)

of 1-m focal length is used and its position is adjusted so that

the sample is about 6.5 cm prior to the geometrical focal plane

and the elliptical spot exhibits a size of > 300 µm on the sam-

ple surface (defocused plane). For precise determination of the

applied Gaussian fluence profiles the elliptical spot is charac-

terized using a CCD camera positioned in the same plane as

the sample surface (repositioning method described hereafter).

The vertical size is measured at∼ 340 µm (beam waist w0 that

is the radius at 1/e2
of maximum intensity) and a very modest

ellipticity is found. This corresponds relatively well with the

expected effect from the angle of incidence (∼ 13%). Given the

excellent agreement of the measured horizontal and vertical

Figure 1: Schematic diagram of the experimental setup designed for annealing

studies on GST. It combines an irradiation arrangement with visible reflection

microscopy and an IR transmission microscopy systems. The red arrows indi-

cate the direction of the incident laser beam on the sample, while the yellow

and green arrows indicate the directions of light from LED1 and LED2, re-

spectively for visible and infrared microscopy imaging. L: lens, M: dielectric

mirror, OBJ: objective lens.

profiles with Gaussian distributions, for each irradiation, the

applied peak fluence F (at center) is evaluated according to

F =
2E

πw2
0

(1)

where E is the pulse energy corresponding to the applied peak

power as measured by a detector integrated in the laser source

multiplied by the pulse duration. To suitably determine the

modification thresholds of the GST sample, the laser power can

be varied electronically (computer-controlled for automated

experiments). A set of neutral density (ND) filters is also in-

corporated along the incident laser path. This serves to ad-

just the pulse energy below the minimal operation level of the

laser system (E ∼4.4 mJ corresponding to emission at 10% of

the maximum energy level).

The inclined irradiation configuration is primarily used to

make it possible to implement at normal incidence optical mi-

croscopy arrangements for in-situ observations of the irradi-

ated zones. An infrared (IR) transmission microscopy arrange-

ment is used for observations of the modified thin films with

illumination through the double-side polished Si substrates.

It comprises an IR Light-Emitting-Diode (LED) source with

a wavelength of 1200 nm positioned behind the sample (see

LED2 in Figure 1) and an imaging system based on a micro-

scope objective (Mitutoyo, 5x, NA=0.14, WD=34 mm), a tube

lens of focal length 200 mm, and an InGaAs array sensor (Xen-

ics, Bobcat 320). The same microscope objective serves also

for observation by visible light reflection microscopy. For this,

the system is complemented with an LED source emitting light

at a wavelength of 680 nm (see LED1 in Figure 1). Its light

is directed onto the sample surface through a non-polarizing

3

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4900282

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



beam splitter (Thorlabs BS013). The beam splitter is transpar-

ent for the IR light. Combined with a long-pass dichroic mirror

with a cut-off wavelength at 950 nm (Thorlabs, DMLP950), it

permits dual-port imaging. The second port uses a CCD cam-

era (Thorlabs CS165MU1) only sensitive to visible light. The

different blocks constituting the visible and IR microscopy ar-

rangements are shown by the dashed line boxes in Figure 1.

The sample is mounted on a three-dimensional motorized

stage for precise positioning and scanning. The sample is sys-

tematically positioned at the best focus of the visible micro-

scope. Given the depth of field of the imaging system, this as-

sures a re-positioning precision on the optical axis of ±40 µm
while we can confirm no noticeable change of the beam size in

a range exceeding ±400 µm (measurement not shown) with

the loose focusing conditions used for the laser. For comple-

mentary and more detailed analyses, ex-situ characterizations

are also conducted on the irradiated samples. These include

a commercial microscope (Nikon, Eclipse LV100ND) in reflec-

tion mode using white-light illumination to reveal potential

features inaccessible with the monochromatic red light of the

in-situmicroscope. We have also conducted quantitative phase

microscopy measurements using a homemade system. The

set-up is identical to the description given in ref.[24] except

that the light source is a super-luminescent LED operating at

1317 nm to retrieve directly the refractive index change from

transmission images through the silicon substrate. In practice,

the system acquires four interference images (Ik) with a rela-

tive phase delay changing by π/2 between images. The quan-

titative phase image is then reconstructed using the equation,

∆φ = arctan[(I4 − I2)/(I1 − I3)][24]. For detailed spectroscopic
analyses, we prepare samples withmodified zones of centimet-

ric dimensions. Then, transmittance and reflectance spectra

are systematically acquired before and after laser processing.

These measurements are compared to simulations (simulation

methods described in the next section) of the optical responses

depending on sample configurations and possible transitions

from amorphous to crystalline state of the different layers. Fi-

nally, to confirm the phase transformations, TEM analyses are

also conducted after the preparation of nanometric lamellas on

selected sample zones by using a focused ion beam (FIB).

3. Numerical modeling

3.1. Optical properties of GST alloys

The refractive index (n) and extinction coefficient (k), are the
physical quantities that define how materials interact with

light and then are the crucial input parameters to describe the

measured quantities as the spectral reflectance (R) and trans-

mittance (T ). However, the optical constants for the relatively
complex phase change materials considered in this work are

inevitably depending on studied conditions. They obviously

varies from their composition including the doping materials

[25, 26, 27, 28, 29, 30] or stoichiometric fluctuations [31]. Even

in the case of identical composition, some works reveal depen-

dencies to the deposition methods [32, 33] and post-processing

(e.g. as-deposited amorphous and re-amorphized films [34]).

This leads to relatively important dispersion for the reported

data in the literature.

Figure 2: Wavelength dependent optical constants of GST-225 in its different

phases reported in various published works [35, 36, 37, 38, 39, 40, 41, 42].

(a) and (b) represent spectral dependency of n and k values for the studied

sample in its amorphous state, respectively. (c) and (d) represent the spectral

dependency of n and k values for the same material in its crystalline state,

respectively.

To illustrate this point and select data for simulations, we

present with the Figure 2a-d a range of datasets as found in the

literature for the optical constants (nGST and kGST ) for amor-

phous (a and b) and crystalline (c and d) states of Ge2Sb2Te5
[35, 36, 37, 38, 39, 40, 41, 42]. While all datasets agree on

higher refractive indices and extinction coefficients for crys-

talline state compared to the amorphous form, the comparison

of absolute numbers between studies show important varia-

tions or even discrepancies. Concentrating on the extinction

coefficients, one can note for instance that the value of extinc-

tion coefficients from the work of Pogrebnyakov et al. [39] are
significantly higher than those from other studies.

On the basis of the presentation given in Figure 2, we de-

cided to employ the nGST and kGST values from the study con-

ducted by Lee et al. [35] for both the amorphous and crystalline

states (orange curves). This dataset has the advantage of fully

covering the wavelength range considered in our study (be-

tween 600 nm and 1400 nm) and it corresponds to nearly av-

erage conditions considering all presented values in Figure 2.

To the best of our knowledge, there are no rigorous theoreti-

cal treatments and very few experimental studies to describe

the effect of Ge enrichment or doping on the optical properties

of GST layers [43]. For this reason, we decided to use a sim-

ple effective medium approximation method where the optical

constants of the GGST doped layers are given by

nGGST = a.nGST +b.nGe + c.nN (2)

kGGST = a.kGST +b.kGe + c.kN (3)

In these expressions, a, b and c describe the proportions the

different materials and so a+b+c=1 for our GGST layers. nGe
and kGe are the optical constants for pure Ge extracted from
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reference [44]. For doping we simply take nN = 1 and kN = 0
corresponding to the assumed properties for a Nitrogen Gas

(N2). We expect that such averaging of the values of the con-

stituents that directly make up the composite material is rigor-

ously valid only when the different constituents occupy small

separated domains (subwavelength sizes for optical averaging)

without complete mixture of the elements and formation of

new bonds. For instance, this would mean in this case that the

way we account for doping corresponds to porous materials

(gas properties). These assumptions clearly deviate from the

films studied in our work. Sputtering deposition leads to rel-

atively homogeneous mixtures with atomic bonds between all

elements in a dense layer. This aspect is consistent with TEM

(see after) and chemical analyses confirming nearly uniformly

distributed elements in the deposited layers.

According to these remarks, a specific attention should then

be paid to verify the validity of the effective index approxi-

mation applied for the studied cases. This corresponds to a

part of the preliminary work performed on Sample-0, the sim-

plest configuration without the capping layer. Simulations ac-

counting for the optical constants for the different layers are

performed. The properties of the Si substrate are set using

the data from reference [45]. The data by Lee et al. are di-

rectly implemented for the ultrathin amorphous GST layer.

The thicker amorphous GGST layer is accounted by taking ap-

propriate material proportions in Eq.2,3 to describe the appar-

ent optical constant values. As we will see later on, an excel-

lent agreement confirms the capacity of the chosen simulation

approaches to describe the optical responses of the studied sys-

tems.

3.2. Multilayer response modeling method and validations

In the context of analyzing the optical responses of a thin-

film multilayered structure, the transfer matrix method [46]

stands as a fundamental and highly effective technique. This

method enables a comprehensive analysis of how light prop-

agates through and interacts with complex layered systems,

providing crucial insights into their optical behavior and char-

acteristics, including phenomena like reflection and transmis-

sion. It also accounts for potential interference between mul-

tiple waves created in the system which is particularly impor-

tant when considering layers with optical thicknesses compa-

rable to the wavelength. Here, we consider a structure of N

stacks of bilayers having 2N+2 interfaces separating 2N+3 me-

dia (including substrate and superstrate). Figure 3 represents

the schematic of amultilayered structure with 2N+2 interfaces.

Then, the transfermatrixMm,m+1 serves as a bridge connecting

the field component amplitudes between m and m+1 layers.[
⃗Em+1

↑

⃗Em+1
↓

]
= Mm,m+1 ×

[
E⃗m

↑

E⃗m
↓

]
(4)

⃗Em+1
↑
and E⃗m

↓
representing the incident and reflected field

respectively at the interface, have 3 components along x, y, and

z. From Maxwell’s equations, the 6× 6 transfer matrix Mm,m+1

Figure 3: Diagram illustrating the arrangement of a multilayered structure for

calculations. Red arrows indicate the electric field directions associated with

beam incidence, reflection, and transmission between successive layers. The

spacing between consecutive layers is indicated by blue double-sided arrows.

in cartesian coordinate can be written as,



ωm+1+ωm
2ωm+1

A 0 −kx(εm+1−εm)

2ωm+1εm+1
A

ωm+1−ωm
2ωm+1

B 0 −kx(εm+1−εm)

2ωm+1εm+1
B

0 ωm+1+ωm
2ωm+1

A
−ky(εm+1−εm)

2ωm+1εm+1
A 0 ωm+1−ωm

2ωm+1
B

−ky(εm+1−εm)

2ωm+1εm+1
B

0 0 εmωm+1+εm+1ωm
2ωm+1εm+1

A 0 0 εmωm+1−εm+1ωm
2ωm+1εm+1

B

ωm+1−ωm
2ωm+1

A 0 kx(εm+1−εm)

2ωm+1εm+1
A

ωm+1+ωm
2ωm+1

B 0 kx(εm+1−εm)

2ωm+1εm+1
B

0 ωm+1−ωm
2ωm+1

A
ky(εm+1−εm)

2ωm+1εm+1
A 0 ωm+1+ωm

2ωm+1
B

ky(εm+1−εm)

2ωm+1εm+1
B

0 0 εmωm+1−εm+1ωm
2ωm+1εm+1

A 0 0 εmωm+1+εm+1ωm
2ωm+1εm+1

B


Here ωm denotes the orthogonal component (z) of the wave

vector. kx and ky are the wave vectors along the x and y direc-

tions. The dispersion relation, ωm =
√

εm(4π2/λ 2)− k2
x − k2

y

incorporates the dielectric permittivity εm of the medium. A

and B correspond to the upward and downward propagation

operators, respectively. These operators are defined as A =
exp(iωmdm) and B = exp(−iωmdm), where dm represents the

thickness of layer m.

Starting from the topmost layer (M2N+1,2N+2, here for TiN)

and moving towards the bottom layer (M1,2, here for the Si

substrate), the overall transfer matrix TT, capturing the entire

transformation within the multilayered structure, is computed

according to Equation 5.

T T =
1

∏
m=2N+1

Mm,m+1 = M2N+1,2N+2×M2N,2N+1....M3,2×M1,2

(5)

Consequently, the electric field in the transmission media as

a function of the field in the substrate establishes a connection

between the field components, facilitating the analysis of light
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propagation through the entire multilayered structure.
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In the transmission media, since there are no interfaces

present, the reflected components of the electric field are con-

sidered to be zero. Therefore, the reflection in this media is

disregarded. Both reflected and transmitted fields can then be

expressed in terms of the incident one according to:

E⃗r =−(T T−1
21 ×T T22)E⃗i (7)

E⃗t = (T T11 −T T12 ×T T−1
21 ×T T22)E⃗i (8)

These calculations can be rigorously performed for incident

light with TE (transverse electric) and TM (transverse mag-

netic) polarization. In the case of unpolarized light, an average

of the reflectance or transmittance values for TE and TM po-

larizations can be considered. From these field values, we can

calculate the overall reflection and transmission coefficients of

the structure as it follows,

r =
√
|E2

rx|+ |E2
ry|+ |E2

rz| (9)

t =
√
|E2

tx|+ |E2
ty|+ |E2

tz| (10)

Using Eq.9 and Eq.10, the reflectance (R = |r|2) and transmit-

tance (T = |t|2) can be derived in the general case for diverse

multilayered structures.

For the practical cases studied in this work, the light is nor-

mal to the interfaces leading to simplifications as TE, TM and

unpolarized cases lead to identical results. Our final simu-

lation model also integrates the effect of the substrate (last

medium in the above calculation). It accounts for the back

surface reflection at the Si-air interface and light absorption

within Si in the measured transmitted signals. A modified re-

flectance formula is considered according to R′ = R + RSi ×
(1−R)2 exp(−2dSi/δ ) where dSi, δ and RSi represent thick-

ness, absorption coefficient and reflectivity of Si substrate re-

spectively. Similarly, a modified transmittance is calculated to

account for the attenuation of the light as it passes through the

silicon substrate. It is given by T ′ = T ×TSi exp(−dSi/δ )where
TSi stands for the transmission at the Si-air interface. Obvi-

ously, all these calculations can be used to describe the spec-

tral response by considering thewavelength dependence of the

different input parameters (index, extinction coefficients). To

validate the numerical model, we compare calculations with

measurements using the UV-NIR spectrometer for Type-0 sam-

ple with t = 50 nm (hereafter simply called Sample-0).

The Figure 4 presents the obtained results. The calculations

use the above mentioned data for the amorphous sample (red

dashed line). The measurements (continuous red line) are per-

formed on films as they are deposited (no irradiation). An ex-

cellent agreement is revealed between the spectroscopic and

Figure 4: Transmittance (left) and reflectance (right) characteristics of amor-

phous and crystalline phases of Sample-0 (Type-0, t = 50 nm) with a compara-

tive study between simulation and UV spectroscopy showing good agreement.

Expected characteristic changes of transmittance and reflectance values for

the crystalline state are estimated theoretically. The terms ’Amp.’ and ’Crys.’

stand for the amorphous and crystalline states of the sample.

simulation data for the amorphous case (red curves) indicat-

ing that the optical properties of the different layers are likely

properly accounted and with the validity of the applied sim-

plifications for the simulations.

On the basis of this validity demonstration, one can inter-

estingly predict the expected changes with the crystallization

of GST layers. For that, we simply need to replace the op-

tical constants for amorphous GST by those for crystalline

GST (data sets from ref.[35] as discussed before) in our simula-

tions. The results are displayed on the same graph (dashed blue

line). From these and previous calculation results, we note that

the transmittance is measurable only for wavelengths above

1.1 µm. This corresponds to the absorption edge of silicon

and then confirms that we are dealing with transparent films

(without capping). Interestingly, by comparing red and blue

curves, we expect that the phase transition from amorphous

to crystalline must lead to a drop in the sample transmittance

in the infrared domain and an increase in sample reflectance

in a broad range of wavelengths. However, we can immedi-

ately note a relative change higher in transmittance (typ. -50%)

in comparison to reflectance signals (typ. +20%) which tends

to reveal a potential improved sensitivity using infrared diag-

nostics for optical detection of film crystallization. However,

in comparison to this sample configuration used for validity

demonstrations, the main studied samples have an additional

TiN capping layer. The large values of the extinction coef-

ficients of TiN at 1070 nm (see before) and other NIR wave-

lengths may then cause limitations for transmission detection

that will be further evaluated with the investigations on Type-

1 and Type-2 samples.

4. Results and Discussions

In the quest for suitable conditions for controllable phase

changes of GST using laser irradiations, previous studies have

mainly explored shorter pulse duration ranging from fem-

tosecond to nanosecond regimes [7, 8, 9, 10, 11, 12, 13, 14, 15,

16, 17]. Most of these works also considered single GST layers

on top of substrates. Taken together, all these works demon-
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strate the capacity to amorphize or crystallize layers depend-

ing on laser conditions. Even if contradictions still persist, the

shortest pulses leads to ultrafast quenching conditions shown

as more favorable to achieve amorphization and the longest

pulses lead to more appropriate temperature responses to ob-

tain well defined crystallized layers. In this work, we add

the difficulty of multilayer PCM systems. These systems are

more commonly studied with conventional thermal annealing

methods (in furnace). In this context, we have decided to con-

centrate on the problem of crystallization from as-deposited

amorphous films. To approach steady-state thermal annealing

conditions for comparisons with previous works, we have de-

cided to use relatively long laser pulses. This is an important

step to validate the laser method before tentatively address-

ing the complexities of out-of-equilibrium material responses

using ultrashort pulses in future works.

Looking for optimized laser parameters for crystallization,

we present the results obtained on the thinnest Type-1 and

Type-2 (t = 50 nm, composition details in table 1) samples

(hereafter simply called Sample-1 and Sample-2) with 50-µs
single pulse at varying fluence (F) levels. The modified areas

on the irradiated samples are systematically observed and an-

alyzed using in-situ and ex-situ optical microscopy techniques

described in section 2.2. The captured images with the dif-

ferent microscopes are presented together in Figure 5 for com-

parisons between observation modes. The Figure also presents

the results obtained for Sample-1 (Figure 5a) and for Sample-2

(Figure 5b) to visualize differences in sample responses. A first

conclusion from these observations is a laser fluence thresh-

old for modification (Fth) modestly higher for Sample-1 (∼ 11.9

J/cm2
) than for Sample-2 (∼ 10.8 J/cm2

). Assuming similar

heating sources (TiN layer), this must indicate sensitive layers

closer to the heat source and/or less efficient heat dissipation

with the multilayer configuration of Sample-2.

Concentrating on the apparent contrasts for the different

images, it is also important to emphasize that the modifica-

tions near threshold conditions (F ≈ Fth) are hardly distin-

guishable with reflection microscopy images (visible light) and

even more so for Sample-1 in comparison to Sample-2. In con-

trast, the IR transmission images, despite being based on more

noisy and performance-limited sensor technologies (InGaAs

arrays) exhibit a relative change in the transmittance signals

more visible and measurable. This shows the importance of in-

vestigating different spectral domains which are not perform-

ing equally to define the best detection schemes. These ob-

servables here immediately confirm the previously observed

superiority of the infrared transmittance diagnostic (Sample-0)

even in the presence of the TiN layer (Sample-1 and Sample-2).

Remarkably, for both samples, we observe for conditions

just above the threshold a relative drop in sample IR trans-

mittance. We also note an inverted contrast between the

monochromatic visible microscope image (bright spot) and the

corresponding IR microscope image (see for instance the two

bottom images at 10.8 J/cm2
in Figure 5b). This is already qual-

itatively consistent with the transition from the amorphous to

the crystalline phase leading to increased IR absorption of the

layers as discussed before for Sample-0. For larger fluence val-

Figure 5: Microscopy images of – (a) sample-1 and (b) sample-2 after 50-µs
single-shot irradiation at varying fluence (F) levels. The modification thresh-

olds (Fth) are found at∼11.9 J/cm2
and∼10.8 J/cm2

for sample-1 and sample-

2, respectively. The top, middle, and bottom rows display the images by ex-
situ visible reflection microscopy (commercial system), in-situmonochromatic

reflection (at 680 nm) microscopy and in-situ IR transmission (at 1200 nm) mi-

croscopy (home-made systems), respectively. Scale bar is 100 µm.

ues, independently to imaging techniques, we note progres-

sively forming concentric rings. Given the Gaussian irradia-

tion profile, this can be attributed to different material mod-

ifications at different energy density levels but also interfer-

ence effects between the waves reflected at the multiple in-

terfaces of the progressively modified layers (so-called New-

ton rings). Thin-film interference are very likely contributing

modestly to this feature given the thickness of the considered

layers which are only a small fraction of the applied wave-

lengths. Ultimately, the highest presented fluence levels have

caused ablation of the films (e.g. F = 17.4 J/cm2
in Figure. 5a)

as confirmed by SEM characterizations. The last presented op-

tical images in Figure 5 for both samples show clearly uneven

damages contrasting with well defined relatively uniform con-

centric ring transformations obtained at lower fluences. One

can also remark on debris redeposition of ablated film materi-

als in these images. Between the first modification at Fth and

these ablation features various modification regimes are pro-

duced. However, SEM analyses have also revealed film mor-

phology changes at fluence F > 14.7 J/cm2
for Sample-1 and

F > 13 J/cm2
for Sample-2, corresponding in both cases to a

fluence level where we observe a change from a central local

darkening to a brightening in infrared transmission. For this

reason, we decided to concentrate hereafter the analyses on the

near threshold conditions corresponding to the first detectable

darkening of the sample in IR transmission.

For in-depth investigations of the laser-modified zones in-
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cluding spectroscopy and TEM analyses for atomic-level in-

formation, it was necessary to prepare modified films on ar-

eas larger than those produced by single-shot irradiations. For

this we rely on a scanning procedure as described in Figure

6a. In practice, we apply the same 50-µs pulses at fluence

F = 12.4 J/cm2
and operate the source at the repetition rate

of 10 Hz while moving the sample along parallel lines at a

constant velocity of 1.4 mm/s. With consecutive lines sep-

arated by 0.14 mm, we then obtain a desired beam overlap-

ping of about 77% in both considered directions [47]. This

corresponds to pre-determined conditions to obtain relatively

uniform processing. Using this procedure, we prepared laser-

modified zones exceeding 10×10 mm
2
on both types of sam-

ples (Sample-1 and Sample-2).

Figure 6: (a) Schematic illustration of the laser-scanning procedure for large-

area transformations of the films, where ∆x and ∆y are the center-to-center

separations between the successive irradiation spots along x– and y–axis,
respectively. (b) IR transmission microscopy images of Sample-1 (S1) and

Sample-2 (S2), laser-scanned with 50-µs single pulse irradiation at F = 12.4

J/cm2
. Inset represents the phase image of Sample-2. The ‘+’ sign indicates

the position where a vertical line profile analysis is performed and presented

below. The distance between two red dotted lines represents the ∆φ value be-

tween unmodified and modified zone. The scale bar is 200 µm.

The two processed samples are then analysed by all avail-

able optical methods for this work (incl. spectroscopy). The

Figure 6b shows the edge of the processed zones for both sam-

ples by IR transmission microscopy. As expected, a relatively

uniform darkening of the samples is observed on the processed

regions even if Sample-2 exhibits a larger relative change of

the transmission signals. Because all optical characteristics of

the processed films are consequences of optical constants, we

first complemented the IR amplitude imaging by quantitative

phase imaging on the same sample region. This is expected

to reveal the obtained relative refractive index change for a

direct, model-independent comparison with the used database

for GST materials. Due to the sensitivity limit of our phase mi-

croscopy arrangement, a reliable measurement has been only

possible for Sample-2 giving sufficiently large optical phase

modulations. For Sample-1, the optical phase change was sig-

nificantly lower on the order of the noise level resulting from

the four-step acquisition procedure (see section 2.2.). The inset

of Figure 6b displays the retrieved phase image (in color scale)

of the laser-scanned region, revealing two distinct phase lev-

els between the modified and unmodified regions. According

to a profile analysis along a line perpendicular to the edge of

the processed zone also presented at the bottom of Figure 6b,

the phase signal exhibits a step which reveals a positive phase

change of ∆φ ≈ 0.25 rad with laser processing. From this phase

level, we can extract the corresponding change of refractive in-

dex using the equation ∆n = λ∆φ/2πd with d the thickness

of the modified layer. By taking d = 50 nm being the total

thickness of the expected active GST layers for our samples,

we obtain a positive refractive index change of ∆n ∼ 1. For

comparison, the data from Lee et al. [35] used in this work ex-

pect a change from n = 4.8 to n = 7 with GST crystallization,

corresponding to ∆n ∼ 2. Accordingly, we note that this mea-

surement gives a correct order of magnitude but a significant

deviation. This could be immediately attributed to specificities

from our sample compositions but, as we will show later on, it

is mainly explained by an improper thickness value taken for

the active layer in this first estimation.

For detailed optical response analyses, we turn to spec-

troscopy using the same UV-IR spectrometer as for Sample-

0. The spectral measurements for both Sample-1 and Sample-

2 are shown in Figure 7 where we present the transmittance

and reflectance for the reference materials (continuous red)

taken in a non-modified zone and for the laser-processed re-

gion (continuous blue). For comparisons, we also run simu-

lations using the optical constants as described previously in

the case of GST layers totally amorphous (dashed red) and to-

tally crystallized (dashed blue). Considering specifically the

microscopy wavelengths (shown by grey lines on graphs of

Figure 7), for Sample-1, the relative changes induced by laser

processing on the transmittance (at 1200 nm) and reflectance

(at 680 nm) values are measured at ∆Trel ≃ -19% and ∆Rrel ≃
-3%which correspondwell with themicroscopy images. How-

ever, it is in contradiction with the simulations assuming the

crystallization of the GST films as we expect in this case ∆T sim.
rel

= -53% and ∆Rsim.
rel = +12%. We note in this case that for the

reflectance not only the magnitude but also the sign of the rel-

ative variation disagree. In the case of Sample-2, we obtain a

better agreement. The measurements give ∆Trel ≃ -64% and

∆Rrel ≃+6% while the estimates from the simulation lead to

∆T sim.
rel = -67% and ∆Rsim.

rel =+18%. While some indication of

GST phase change from the amorphous to the crystalline state

can be attributed qualitatively from these comparative anal-

yses, noticeable differences persist between our expectations

and observations for both samples (e.g. reflectance magnitude

for Sample-2 ). These discrepancies must reveal inappropriate

assumptions on material configurations in the model. These

leads us to advanced material analyses for further advances

and improvements of the models.

In the Figure 8 we show TEM images of the multilayer sys-

tem after lamella preparation in laser-scanned area of Sample-

2. First, the cross-sections confirm that the geometrical charac-

teristics of the stacks including the typical 5-nm thickness for

the thinnest deposited layers are maintained after laser pro-

cessing. However the images reveal very interestingly a se-

lective processing where only the GST layers are transformed

into crystals while the GGST layers remain amorphous after
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Figure 7: Transmittance and reflectance spectra of the studied samples. The measured spectra are for reference (non-modified) and laser-processed zones (solid

lines). A comparison is made with simulations under the assumption that the GST layers are initially fully amorphous and processed regions result in totally

crystallized materials (dashed lines). Despite relatively good agreement for the transmittance spectra of Sample-2 important discrepancies persist for the other

presented spectra.

Figure 8: TEM analysis Sample-2 revealing selective crystallization of GST

layers in the laser-processed zones. A single interface between GGST and GST

layers is shown to confirm the crystalline state of GST after laser treatment.

HAADF stands for High-angle annular dark-field imaging.

laser irradiation. Similar observations are on sample 1 where

only the GST underlayer is selectively crystallised. While the

detailed Materials Science questions will be the subject of a

future paper, it is striking to note the high-quality large mono-

crystals formed with the applied laser conditions. The results

also confirm distincts and well defined crystallization thresh-

olds for GST and GGST layers and that we applied here laser

conditions between these thresholds. This deviates from the

literature where mixed layers due to the important mobilities

of elements under thermal stimulations and poly-crystalline

forms are more commonly reported for GST.

The observed partial and selective crystallization signifi-

cantly deviates from our previous considerations with a model

intended to describe the change of the optical properties as-

suming a crystallization of all potentially active layers (incl.

GST and GGST layers). On the basis of this observation, we

can re-adjust the multilayer model accounting for a change on

the optical constants of GST layers only while maintaining the

same constants for GGST. Accordingly, the properties in the

TMM model is only modified for a single 5-nm-thick layer for

Sample-1 and 5 layers in Sample-2 corresponding to a total of

25-nm of GST. Immediately at this stage, this means that the

active layer of 25 nm instead of 50 nm for Sample-2 must result

in a twofold increase for the relative index variation retrieved

from the phase microscopy measurement. More precisely, the

∆φ derived above (Figure 6) must be actually interpreted as

corresponding to ∆n ∼ 2 which now compares very favorably

with the data of Lee et al. [35] used for this work (Figure 2).

The changes in the spectroscopic data with this model cor-

rection are presented in Figure 9. While we can still note re-

maining imperfections, in comparison to the results presented

in Figure 8, a significantly improved agreement is now ob-

tained between measurements and simulations. As an illus-

tration, the sign error on the relative change of reflectance ob-

served for Sample-1 in Figure 8 is now corrected as the crys-

tallized sample now exhibits as a slightly higher reflectance

than its amorphous analog in the visible part of the spectrum

for both the measurements and simulations. The improved

agreement showing a model that accounts now properly for

the main aspects behind the optical response of the systems

can be assessed clearly by comparing the results obtained at

the two wavelengths used for microscopy imaging (see ver-

tical grey lines on Figure 9). These results are summarized

in table 2 where the measured relative changes in reflectance

and transmittance with processing are given for both samples
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Figure 9: Transmittance and reflectance of the studied samples. The measured spectra are for reference (non-modified) and laser-processed zones (solid lines, red

and blue respectively). A comparison is made with simulations under the assumption that the GST layers are initially fully amorphous and processed regions

result in partially crystallized materials (dashed lines) that are stacks where only GST layers are crystallized (not the GGST layers).

and compared to both model configurations. Assuming partial

crystallization (GST layers only), we predict with simulations

−24% and−61% transmittance drops at 1200 nm for Sample-1

and Sample-2, respectively, which aligns well with the spectral

measurements (−19% and −64% respectively). The main dis-

crepancies with reflectancemeasurements are also now solved.

For Sample-1, both the simulation and spectroscopy results

show a reflectance drop of −3% while an increase of +12%
was predicted under the assumption of a total crystallization

(GST and GGST layers).

Case ∆Trel(%) ∆Rrel(%)

Assumption Sample Sim. Meas. Sim. Meas.

Full crys.:

Sample-1 -53 -19 +12 -3

Sample-2 -67 -64 +18 +6

Partial crys.:

Sample-1 -24 -19 -3 -3

Sample-2 -61 -64 +12 +6

Table 2: Summary of measured and simulated relative change of transmittance

∆Trel and reflectance ∆Rrel at 1200 nm and 680 nm respectively as caused by

laser processing on the two types of samples for this work. For comparisons,

the results of simulations assuming total or partial crystallization are given.

All the values here are presented in % according to the expressions ∆Trel =

(Tcrys −Tamp)/(Tamp) and ∆Rrel = (Rcrys −Ramp)/(Ramp). Sim. and Meas. cor-

respond to simulation and spectroscopy measurements, respectively, provid-

ing a comprehensive perspective on the material transformations under con-

sideration.

Beside the demonstration of a valid model made with these

comparisons, important conclusions can be derived from the

measurements of the response of these model systems. First,

the significant difference found on the relative transmittance

changes between Sample-1 and Sample-2 at the same process-

ing fluence level (∼ 12.4 J/cm2
) can be attributed to their

distinct layered structures. The highest change for Sample-

2 can be directly inferred to a signal that integrates a larger

amount of crystallized materials (5 layers of GST instead of 1

for Sample-1). After these considerations, it is important to

highlight that relative transmittance change at 1200 nm for

Sample-1 remains relatively large (measured at−19%) and it is

easily detectable as confirmed by the microscopy results (see

Figure 5). This is remarkable in view of the 5-nm thin layer

transformed in this case. This result may first appear counter-

intuitive in view of expected limitations for optical detection.

However, the results also confirm wavelength and detection

schemes not performing equally as the relative change in vis-

ible reflectance is only found at only −3% which can become

much more challenging to image with standard dynamic cam-

eras as the one used in this work (see also the comparison be-

tween visible and infrared images in Figure 5). Accordingly, we

identify infrared transmission microscopy at near-band edge

absorption of silicon (1200 mn) as a configuration very opti-

mal for sensitive detection of phase change in ultrathin GST

layers. Such configuration is already implemented in our cur-

rent setup (see Figure 1) and must serve for insitu monitoring

for future work aiming at laser annealing studies under vary-

ing irradiation parameters.

5. Summary and conclusions

In this work, we have concentrated on optically inducing and

probing the crystallization of GST thin-film systems. Themelt-
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ing and subsequent re-solidification conditions driven by irra-

diation with 50-µs laser pulses is shown as appropriate to se-

lectively crystallize GST layers while leaving unaffected some

other Ge-rich GST layers. This selective processing can be di-

rectly correlated with the higher temperature threshold con-

ditions for GGST. The phase change of GGST is also likely

accessible by laser irradiation but higher laser fluence condi-

tions also caused morphological changes and/or damages on

the studied samples.

On the basis of investigations using different optical tech-

niques, and systematic comparisons of the measured optical

responses, we made a critical analysis of the data sets available

in the literature to describe the optical constant of GST mate-

rials. Applying the TTM to simulate spectroscopic response

of the thin-film systems, we have validated a data set and the

effective medium approximation as an appropriate method to

account for the different properties of the layers with differ-

ent compositions. Examining the irradiated materials with the

different methods, we conclude on a decisive superiority of in-

frared transmission diagnostics (λ > 1200 nm) for the detec-

tion of phase changes in GST layers. Transmission microscopy

at 1200 nm as implemented in the current version of our setup

gives the ability to detect the phase change of ultra-thin lay-

ers (down to 5 nm) and locally induced by single-shot irradia-

tion. These developmentsmust serve for the advent of new and

efficient methods, complementing advanced material analysis

methods for the study of the behavior of this important phase

change materials.
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