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Te and Ge solid-state reaction: comparison between 2D and 3D 

growth of -GeTe  

Guillaume Roland,a,b Alain Portavoce,*a Maxime Bertoglio,a Marion Descoins,a Jacopo Remondina,a 
Frédéric Lorut,b and Magali Putero*a 

In this work, solid-state -GeTe growth is studied during the reactive diffusion of a polycrystalline thin film of hexagonal Te 

deposited on an amorphous Ge thin film (Te-on-Ge) using in situ X-ray diffraction, in situ transmission electron microscopy, 

and atom probe tomography. After deposition, an amorphous intermixing layer is observed between the Te and Ge layers. 

α-GeTe is found to form a 2D layer between the deposited Ge and Te layers during growth, with a thickness increasing 

linearly with time as predicted by the linear-parabolic model for interfacial reaction limited growth. The activation energy 

of nucleation and of interfacial reaction were determined from different isothermal annealing. The obtained results are 

compared to the observations previously reported during α-GeTe 3D growth in a sample made of an amorphous Ge layer 

deposited on a polycrystalline Te layer (Ge-on-Te) in the same magnetron sputtering system in same conditions.

1. Introduction 

Phase Change Materials (PCM) are a class of materials, mostly 

composed of chalcogenides glasses,1,2 which attract a lot of attention 

for their surprising phase change properties. Indeed, PCM can 

reversibly and quickly change between a high-resistivity amorphous 

(and in general low-reflectivity) state and a low-resistivity crystalline 

(and in general high-reflectivity) state through thermal annealing.1–3 

This property has been exploited for nonvolatile optical memories 

such as CDs, DVDs and Blu-ray discs, using the large reflectivity 

difference between the two states.1–4 PCM’s properties are also 

exploited for Phase Change Random Access Memories (PCRAM) 

applications. PCRAM are a new kind of non-volatile memories. In 

these memories, the bit of information is given by the state of the 

PCM: “0” if the PCM is in its highly resistive amorphous state, “1” if 

the PCM is in its low resistive crystalline state. The two most studied 

and prototypical materials for PCRAM applications are the 

compounds GeTe and Ge2Sb2Te5 (GST225).1,2,4 However, the low 

crystallization temperature of GST225 ( 150-170°C2) can be a 

limiting factor for high reliability applications,5,6 such as automotive 

applications. On the contrary, GeTe has a higher crystallization 

temperature than GST225 ( 180-230 °C depending on oxidation7) 

and exhibits ultra-fast switching.8 GeTe is also studied for 

thermoelectric9–11 and RF switches applications. 12–14 For all these 

applications, it is important to understand the GeTe growth 

mechanisms. Several studies have shown and studied the possibility 

to grow high quality epitaxial GeTe using either molecular beam 

epitaxy or pulsed laser deposition techniques, enabling to grow 

ultrathin (down to 1nm) epilayers for ferroelectricity applications15,16 

or strain engineering17 for example. However, most studies that seek 

to investigate GeTe focus on the crystallization of an amorphous 

homogeneous stoichiometric, or near-stoichiometric, thin film. 

These studies use a plethora of different techniques: Differential 

Scanning Calorimetry (DSC),18,19 in situ resistivity measurements,20–22 

in situ reflectivity measurement,19,23,24 Transmission Electron 

Microscopy (TEM) observations,7,24–27 X-Ray Diffraction 

(XRD),18,20,28,29 X-ray Photoelectron Spectroscopy (XPS),26,30,31 etc. 

Even though these studies provide key insights into the 

crystallization mechanisms, they don’t give information about self-

diffusion and interfacial reaction kinetics as reactive diffusion (RD) 

studies between two films in contact. RD is often used in the 

microelectronic industry in order to form silicide ohmic contacts on 

the source, gate and drain of Metal-Oxide-Semiconductor (MOS) 

transistors through the self-aligned-silicide (Salicide) process.32–34 

Since RD depends on self-diffusion and interfacial reaction, it is used 

to obtain information on the self-diffusion and interfacial reaction 

kinetics, which are of prime importance for process simulations and 

crystallization understanding. When a metal is deposited on a Ge or 

Si substrate, it is usual to observe a 3 – 5 nm-thick, amorphous or 

crystalline, intermixing layer.35–38 For germanides, the growth usually 

follows a parabolic law versus time.39–41 This means that the growth 

is limited by atomic diffusion according to the linear-parabolic 

model.42 

In this work, GeTe growth kinetics is studied during the RD of a 

90 nm-thick polycrystalline Te layer deposited by magnetron 

sputtering on a 60 nm-thick amorphous Ge layer (Te-on-Ge) using in 

situ XRD measurements, in situ TEM observations, as well as ex situ 

atom probe tomography (APT). We show that contrary to the reverse 

stack Ge-on-Te,43 the growth of -GeTe during RD of the Te-on-Ge 

bilayer follows a 2D growth described by the linear-parabolic growth 

model, with higher crystallization temperature and nucleation 
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activation energy compared to that found during the 3D growth 

observed in the Ge-on-Te bilayer.43 The activation energy of 

interfacial reaction is also determined, and compared to the -GeTe 

3D growth activation energy.43 

2. Experimental details 

2.1. Film deposition 

The sample was elaborated in a commercial magnetron sputtering 

system (base pressure of 10-8 mbar). A 99.9999% pure Ar gas flow 

under a work pressure of 3.6 x 10-3 mbar was used in order to sputter 

a 99.99% pure Te-target in RF mode and a 99.999% pure Ge-target in 

DC mode, using same sputtering powers and deposition time as in 

the previous study reported in ref.43. All the deposition have been 

made on the native oxide of Si(001) substrate at room temperature 

(RT) and both fluxes were calibrated separately by measuring the 

thickness of the sputtered films using X-ray reflectivity. The thin SiO2 

layer (~ 2 nm) was kept in order to prevent diffusion of Si in the 

deposited layers. 

The sample was destined to the study of solid-state Te-on-Ge 

Reactive Diffusion (RD). Therefore, a 90 nm-thick Te layer was 

deposited on top of a 60 nm-thick Ge layer. After the entire bilayer 

has reacted, it is expected to have a GeTe layer with an extra 10 nm-

thick Te layer on the surface. This extra-layer was added in order to 

limit oxidation effects. After deposition (Fig. 1), the Ge layer is 

amorphous (a-Ge), whereas the Te layer is polycrystalline (poly-Te). 

2.2. In situ X-ray Diffraction experiments 

After deposition, the samples (6  6 cm2) were cut into several 

pieces. 1.5  1.5 cm2 specimens were used to perform in situ XRD 

measurements. All the XRD measurements were achieved in the 

Bragg-Brentano geometry (−2) in a Panalytical Empyrean 

diffractometer equipped with an PIXcel detector designed for high 

speed data collection, using a Cu K source ( = 0.154 nm). The 

specimens were annealed following a heating ramp (isochronal 

annealing) or at constant temperature (isothermal annealing) in situ 

in the XRD setup under a vacuum of ~ 10-5 mbar. A temperature ramp 

identical to that of our previous work was used:43 heating ramp was 

performed between 100 °C and 350 °C following a temperature ramp 

of 10 °C min-1 steps every 5 °C, separated by 4.5 minute-long XRD 

scans at constant temperature, thus corresponding to an average 

heating ramp of  0.9 °C min−1. In addition to the ramp annealing, 

four isothermal annealing between 160 °C and 205 °C were 

performed on the sample. 

2.3. In situ Transmission Electron Microscopy experiments 

In situ TEM observations gave complementary information on 

the growth of the GeTe phase during Te-on-Ge RD. A TEM lamella 

was prepared using the in-situ lift out technique in a FIB-SEM system, 

Helios450TM from ThermoFisher, and mounted onto a Molybdenum 

grid. Final thinning of the lamella was done using an 8 kV acceleration 

voltage, in order to limit possible Ga FIB induced amorphization. 

Once prepared, the grid was mounted onto a sample heating holder 

from Gatan, and then loaded into a Technai F20 TEM, from 

ThermoFisher, operating at a 200 kV accelerating voltage in TEM 

bright field mode. The in situ TEM annealing started at RT up to 

350 °C following several isothermal steps. During each isothermal 

step, one image was taken every minute. The total annealing time 

was about 1 hour and 40 minutes. 

2.4. Atom Probe Tomography experiments 

APT sample preparation was achieved using a FEI Helios dual-

beam focused ion beam (FIB) equipped with a micromanipulator and 

a gas injection system for Pt deposition. Prior to FIB preparation, the 

sample’ surface was capped by a 100 nm-thick Ni protection layer 

deposited by sputtering. In the FIB set up, an additional 100 nm thick 

Pt protection layer was added on the region of interest, in order to 

prevent Ga contamination during the trench milling process. The 

region of interest was prepared in the cross-section geometry, 

retrieved using a micromanipulator, and placed on an APT support. 

The specimen was shaped as a sharp tip by focused Ga+ ion beam 

milling and the top of the specimen was cleaned by low energy (2 

keV) ion beam milling, as a final step. The samples were analyzed in 

a LEAP 3000X HR instrument. The specimens’ temperature was set 

to 50 K and the voltage pulse to 20% of the constant voltage. 

3. Results and discussion 

3.1. GeTe growth during isochronal annealing 

Fig. 1 is a series of XRD patterns recorded during the ramp 

annealing of the sample as a function of temperature. After 

deposition, 5 peaks are detected at 2θ = 23.04°, 27.497°, 38.26°, 

40.369° and 43.485°. They respectively correspond to the (100), 

(101), (102), (110), and (111) Bragg reflections of the hexagonal Te 

phase, showing that the as-deposited Te layer is polycrystalline. No 

diffraction peak corresponding to the Ge phase is observed, meaning 

that the as-deposited Ge layer is amorphous. At T = 200 °C, five peaks 

are simultaneously detected. Those peaks are found at 2θ = 25.359°, 

26.014°, 29.863°, 42.351° and 43.138° and they respectively 

correspond to the (003), (021), (202), (024), and (220) Bragg 

reflections of the rhombohedral α-GeTe phase. The hex-Te (100) and 

(110) Bragg reflections and the α-GeTe (220) peaks are the most 

intense peaks for the Te and GeTe phases. 
Fig. 2 presents the variation of the normalized integrated XRD 

intensities and the variation of the average GeTe grain size L along 

the normal of the sample surface versus temperature. The average 

grain size is deduced from the full width at half maximum (FWHM) of 

the α-GeTe (220) peak, using the Scherrer formula44 and neglecting 

micro-strain contribution. The XRD integrated intensity is 

proportional to the corresponding diffracting volume. For the hex-Te 

phase, only the Te (110) is presented since it is the most intense peak 

correctly detected on Fig.1. For the GeTe phase, only the most 

intense -GeTe (220) peak is shown, however, we have to note that 

the -GeTe (202) peak integrated intensity follows the same trend 

and will be shown for isothermal annealing. The α-GeTe phase 

appears at T ~ 200 °C (i.e. nucleation temperature) and grows until T 

~ 220 °C. The nucleation temperature Tn ~ 200 °C is higher than that 

reported for the reverse bilayer Ge-on-Te with Tn = 175 °C.43 Above 

220 °C, the crystallized fraction of GeTe remains constant until the 

end of the temperature ramp. The appearance and the increase of 

the normalized integrated intensity of the α-GeTe (220) peak is 

concomitant with the decrease of the normalized integrated 

intensity of the hex-Te (110) peak.
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Fig. 1 XRD patterns ( = 0.154 nm) as a function of temperature acquired during in situ isochronal annealing of ~ 0.9 K min -1 for Te-on-Ge bilayer. 
The color plot panel is in counts/s. 

 

 

Fig. 2 Normalized integrated intensities of diffraction peaks and average grain 
size (L) during in situ XRD isochronal annealing of ~ 0.9 °C min-1 of Te-on-Ge 
bilayer: hex-Te (110) (red circles) and α-GeTe (220) (black squares). 
 

This is caused by the consumption of hex-Te phase by the α-GeTe 

growing phase, which is a typical behavior for a compound growth 

by RD.45 The GeTe growth is not perfectly correlated with the 

decrease of Te in Fig. 2. Indeed, the hex-Te is consumed from 190 °C, 

but the α-GeTe phase is only detected from 200 °C. This could be 

caused by XRD detection limit, meaning that the diffracting volume 

of the α-GeTe phase is too small to be detected by XRD between 

190 °C – 200 °C. Another hypothesis is that the GeTe phase grows in 

an amorphous state between 190 °C and 200 °C, the nucleation of 

the crystalline α-GeTe starting at 200 °C. This amorphous growth as 

already been observed for several silicides.37,38,46 Compared to the 

previous work on the reverse bilayer (Ge-on-Te, see43), -GeTe 

growth rate seems to be different in these two samples, especially at 

the early growth stages, even if both should depend on atomic 

transport kinetics.42,47 

At the beginning of the growth, the average -GeTe (220) grain 

size is L ~ 10 nm. A first increase occurs rapidly up to L ~ 15 nm 

between 200 °C and 220 °C, then the grain size slowly increases 

further to reach L ~ 20 nm at the end of the annealing. The average 

α-GeTe grain size at the beginning of the growth is slightly smaller 

than that reported for the reverse stack (Ge-on-Te bilayer43). 

Besides, at the end of the annealing the grain size (~ 20 nm) is still 

smaller for the present sample Te-on-Ge compared to the Ge-on-Te 

bilayer (~ 35 nm, see43). The texture is also different for both Te and 

GeTe phases. Indeed, in the present work (Te-on-Ge), the most 

intense peaks for the hex-Te phase correspond to the (100) and (110) 

Bragg reflections, and to the GeTe (220) peak for the α-GeTe phase. 

For the reverse stack (Ge-on-Te bilayer), almost the same peaks are 

observed, but the principal difference stands from their relative 

intensities: the most intense peaks are the Te (101) and the GeTe 

(202) Bragg reflections for respectively hex-Te and α-GeTe. The 

deposition power and time were kept the same for both samples, 

meaning that the only difference between the samples is the order 

of deposition. Indeed, the Te layer was deposited on the Si (001) 

substrate with a native oxide layer43 for Ge-on-Te instead of on the 

a-Ge layer for Te-on-Ge. This is probably the reason of the hex-Te 

texture difference in the two samples. Usually, germanides and 
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Fig. 3 Normalized integrated intensity f(t) of the α-GeTe(202) diffraction peak versus time recorded during in situ XRD isothermal annealing of the Te-on-Ge 
bilayer at various temperatures: (a) versus time in log scale for temperatures between 160 °C and 205 °C; (b) versus time in linear scale at 160 °C, the solid line 
corresponds to a linear fit of the beginning of the growth. 
 

 

silicides RD studies are performed on the system metal deposited on 

semiconductor substrate. In this case,  the substrate texture has 

been shown to have  an impact on the nucleation temperature of the 

formed phase.48 Therefore, it would not be surprising that the hex-

Te texture impacts Tn and the texture of the phase α-GeTe. 
 

3.2. GeTe growth during isothermal annealing 

Several in situ isothermal XRD annealing were performed 

between T = 160 °C and 205 °C. Fig. 3(a) presents the variation of the 

α-GeTe(202) XRD normalized integrated intensity versus time for 

four different temperatures. The signal is proportional to the 

crystallized -GeTe volume (i.e; crystallized fraction). The GeTe 

growth seems to follow the 2D linear-parabolic law,42 in contrast to 

the GeTe growth from the Ge-on-Te bilayer that surprisingly followed 

the JMAK model with a 3D growth.43 For each isothermal 

temperature, the beginning of the growth could be fitted with a 

linear law versus time (shown in Fig.3(b) for the annealing at the 

lowest temperature), indicating that the growth is limited by the 

reaction. This result is surprising for germanides, for which RD is 

usually governed by self-diffusion, exhibiting a parabolic growth law 

versus time. The slope of the linear fit allows determining the 

interface reaction rate  𝑲𝒊 =
𝒅𝑳

𝒅𝒕
 for each temperature, with L the 

thickness of the growing -GeTe layer, that is proportional to the 

normalized integrated intensity assuming a 2D linear growth. The 

results are summarized in Table 1. The interface reaction rate can be 

expressed as follows: 

𝑲𝒊 = 𝑲𝟎𝒆
−

𝑬𝒊
𝑲𝑩𝑻 

where kB is the Boltzmann constant, and T the temperature, while 

K0 and Ei are the pre-exponential factor and the activation energy of 

the interface reaction. Fig. 4(a) shows the variation of 𝑙𝑛(𝐾𝑖) as a 

function of 
1

𝐾𝐵𝑇
 . The activation energy of interfacial reaction was 

found to be Ei = 1.3  0.1 eV. This energy is of the same order as the 

growth activation energy found for the reverse bilayer (1.2 eV for Ge-

on-Te RD)43 but higher than that of usual interface reaction of 

silicides or germanides (0.8 eV for Ni2Si,49 0.9 eV for Ni5Ge3
45). 

Table 1 Interface reaction rate 𝐾𝑖 deduced from the linear fit of the beginning 
of the growth for each isothermal annealing experiment. 

Temperature (°C) Ki (a.u.) 

160 1.59 × 10-5 

175 6.40 × 10-5 

190 1.47 × 10-4 

205 4.96 × 10-4 

The data presented in Fig. 3 can also be used to measure α-GeTe 

nucleation time t, which is defined as the time needed to detect for 

the first time the diffraction signal during isothermal annealing. Fig. 

4(b) presents the variation of t versus 1/kBT using a logarithmic 

scale, and allowed a nucleation activation energy to be determined, 

using the following equation: 

𝟏

∆𝒕
= 𝛀 × 𝐞𝐱𝐩(−

𝑬𝒏
𝒌𝑩𝑻

) 

The nucleation activation energy of the -GeTe phase was found to 

be En = 1.91  0.15 eV. This value is higher than that found for the 

reverse bilayer (En = 1.25 eV),43 which reflects the difference 
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Fig. 4 (a) Variations of ln(Ki), with Ki the interface reaction rate, as a function of the inverse of temperature for -GeTe growth during the Te-on-Ge bilayer 
reactive diffusion; (b) Variations of the nucleation time ln(t) as a function of the inverse of temperature for GeTe nucleation during Te-on-Ge bilayer reactive 
diffusion. 

 

 

between their nucleation temperatures. Besides, both the activation 

energies for nucleation and interfacial reaction are lower than the 

ones usually found for GeTe amorphous layer crystallization.50–52 This 

is probably due to the fact that in this study, GeTe crystallization 

occurs through reactive diffusion at the Te-on-Ge interface, whereas 

it occurs homogeneously in the GeTe layer volume when GeTe 

crystallization is studied from an initially amorphous GeTe layer. 

In situ TEM observations were performed in order to better 

understand -GeTe growth mechanisms. Four TEM images recorded 

during in situ observations are presented in Fig. 5. The annealing 

temperature goes from RT to 240 °C. After deposition (Fig. 5(a)), the 

sample is composed of a 91 nm-thick polycrystalline Te layer and a 

49 nm-thick Ge amorphous layer. A 4 nm-thick amorphous 

intermixing layer can be observed at the Te/Ge interface. It is usual 

to observe a 3 to 5 nm-thick amorphous or crystalline intermixing 

layer between a metal and the Si or Ge substrate after sputtering.35–

38 This layer acts usually as the initial stage of 2D growth of silicides 

or germanides.47 During annealing (Fig. 5(b) to (d)), the intermixing 

layer grows as a continuous 2D layer, while voids form at the top of 

the Te layer. The void formation might be due to the Kirkendall 

effect, meaning that Te could be the main diffusive specie, or to Te 

desorption in the annealing conditions due to its high volatility under 

vacuum. One should note that even if the top Te layer is oxidized, it 

does not affect the GeTe growth that starts at the Te/Ge interface. 

In Fig. 5(b) recorded at 180 °C, the intermixing layer has grown 

compared to Fig. 5(a) (from ~ 4 nm to ~ 8 nm), but is still amorphous 

(Fig.5(b)). From Fig. 5(c) (195 °C), the intermixing layer appears 

partially crystalline. These TEM observations show that the 

intermixing layer firstly grows amorphous (from ~ 4 to ~ 8 nm) and 

then nucleation takes place, in agreement with the XRD results 

obtained during isochronal annealing. The crystallized part of the 

intermixing layer is believed to be α-GeTe, as shown by XRD (Fig. 1). 

These observations are also in agreement with the in situ XRD 

isothermal annealing: -GeTe growth follows a 2D growth according 

to the linear-parabolic growth model, with a linear growth during the 

first stages, limited by reaction. 

The chemical composition of the amorphous intermixing layer 

was measured by APT after deposition. Fig. 6 shows a high resolution 

TEM image of the amorphous GeTe intermixing layer with its APT 

proximity histogram (proxigram). The proxigram shows the average 

variation in the concentration of Ge (red line) and Te (green line) 

atoms from the perpendicular direction at each point of the 

isosurface used to define the outline of the interface. The 

concentration profile shows the composition of the intermixing layer 

after deposition. The Ge (Te) concentration gradient varies linearly 

from 100 at% (0 at%) to 0 at% (100 at%) in a ~ 4.5 nm region 

corresponding to the intermixing layer. The measured intermixing 

layer’s thickness is in good agreement with TEM observations (Fig. 

5a). 
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Fig. 5 Cross-section TEM images acquired during in situ heating of a Te-on-Ge 
bilayer from RT to 240 °C: a) RT; b) 180 °C, the blue arrows indicate the voids 
formation; c) 195 °C; d) 240 °C. The added color highlights the new phase. 
 

Fig. 6 High resolution TEM image of the GeTe amorphous intermixing layer, 
highlighted by the added color; the vertical white bar corresponds to 3 nm. 
The chemical composition of the intermixing layer is determined by a 
proximity histogram (proxigram) measured from a 85 at. % Te 
isoconcentration surface. 

 

3.3. Comparison between 2D and 3D -GeTe growth 

Solid state reaction is significantly different in our two samples 

Ge-on-Te43 and Te-on-Ge (this work) despite same sputtering 

conditions. Indeed, -GeTe formation in the Ge-on-Te sample was 

shown to be supported by both nucleation in Te grain boundaries 

(GBs) and at the a-Ge/poly-Te interface, and the growth was shown 

to be following the JMAK model due to a simultaneous 3D growth in 

Te GBs and in the a-Ge layer, supported by interfacial diffusion and 

bulk GB self-diffusion. In contrast, -GeTe formation in the Te-on-Ge 

sample is supported by nucleation in a concentration gradient53 in a 

2D amorphous layer located between a-Ge and poly-Te, and -GeTe 

increases linearly versus time as a 2D layer in agreement with linear-

parabolic models, meaning that the growth is limited by interfacial 

reaction instead of self-diffusion. 

The difference of -GeTe nucleation mechanisms between the 

two systems Te-on-Ge and Ge-on-Te leads to a higher Tn = 200 °C 

(ramp annealing) and En = 1.91 eV (isothermal annealing) for Te-on-

Ge reaction compared to Ge-on-Te reaction displaying Tn = 175 °C 

and En = 1.25 eV.43 However, -GeTe activation energy of growth is 

found to be similar in the two samples, with Ei = 1.3 eV in the Te-on-

Ge sample and Eg = 1.2 eV in the Ge-on-Te sample, despite a 2D 

growth in the Te-on-Ge sample and a 3D growth in the Ge-on-Te 

sample. This observation means that the reaction Ge + Te → -GeTe 

is almost independent of atomic diffusion mechanisms during 2D (GB 

self-diffusion) and 3D (interface and GB diffusion) growth, which 

agrees with the observation of a linear 2D growth in the Te-on-Ge 

sample. Indeed, -GeTe linear growth versus time suggests that Ge 

and Te self-diffusion in -GeTe GBs is unusually fast compared to 

reaction, contrasting with the growth of other germanides reported 

to date.39–41 RD studies are mostly performed for microelectronic 

process improvement, and thus, more data are actually available 

about silicide RD than about germanide RD. Typically, Ei  1 eV 

(0.8 eV for Ni2Si49 and 0.9 eV for Ni5Ge3,
45 for example) and the 

growth rate is limited by self-diffusion (parabolic growth) with an 

activation energy 1 < Eg <  2 eV (1.5 eV for Ni2Si,49 for example) for 

silicide RD. One can note that indeed Ei in the case of Te-Ge RD is 

about 45% higher than expected, exhibiting a value close to that of 

silicide effective atomic self-diffusion, confirming the unusual 

specificity of the Ge-Te binary system characterized by a limiting slow 

interfacial reaction and fast self-diffusion. 

The growth mode difference between the two systems Te-on-Ge 

(2D) and Ge-on-Te (3D) is probably linked to the presence (case of 

Te-on-Ge) or not (case of Ge-on-Te) of the intermixing layer between 

a-Ge and poly-Te. Most silicide and germanide RD studies concern 

only the case of the metal deposited onto Si or Ge, and the presence 

after deposition of an intermixing layer between the metal and the 

semiconductor is generally reported. Therefore, our observations are 

difficult to compare to most of the bibliography. Nevertheless, 

Perrin-Toinin et al.35 observed after sputtering the presence of an 

intermixing layer in both cases, Pd deposited on Ge and Ge deposited 

on Pd, and observed a 2D self-diffusion limited (parabolic) growth of 

Pd2Ge in the two cases. Using APT measurements, they showed that 

the thickness (~ 5 nm) and the composition (close to Pd2Ge 

stoichiometry) of the intermixing layer were about the same for the 

two systems Pd/Ge and Ge/Pd. These results suggest that the 3D 

regime observed for Ge-on-Te is due to the absence of intermixing 

layer in this case. In addition to a growth rate obeying the JMAK 

model, the signature of 3D growth in the Ge-on-Te sample is also 

observed on the average grain size. L is found to be about 75% larger 

in the Ge-on-Te sample (L ~ 35 nm) compared to in the Te-on-Ge 

sample (L ~ 20 nm) at the end of the growth, 3D growth promoting 

longer grains in the direction perpendicular to the sample surface. 

Conclusion 

Te-Ge reactive diffusion has been studied by in situ XRD, in situ TEM, 

and APT in a sample made of a poly-Te layer deposited on an a-Ge 

layer, and compared to the reverse case of an a-Ge layer deposited 

on a poly-Te layer in a same magnetron sputtering system in same 

conditions. -GeTe grows between poly-Te and a-Ge in the Te-on-Ge 

sample as a 2D layer with a linear growth rate versus time in 

agreement with the linear-parabolic model, contrasting with the 3D 

growth obeying the JMAK model previously reported in the Ge-on-

Te sample. The growth mode difference appears to be related to the 

absence of an intermixing layer between a-Ge and poly-Te in the as-

deposited Ge-on-Te sample. The nucleation temperature and the 

nucleation activation energy are found to be higher for the 2D 

growth in the Te-on-Ge sample. However, the growth activation 

energy during 2D linear growth in the Te-on-Ge sample and during 
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3D JMAK growth in the Ge-on-Te sample being similar, the overall 

observations coherently suggest that -GeTe growth is limited by 

unusually slow solid-state reaction combined with unusually fast GB 

(or interfacial) self-diffusion, compared to available literature data 

on silicides and germanides. 
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