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A B S T R A C T

Pulsed laser annealing is a relevant alternative to conventional thermal processes for future technology nodes as 
it enables the application of a fast and local thermal budget. Such high-energy process can lead to the formation 
of a liquid phase that recrystallizes upon heat dissipation, through a high velocity liquid/solid interface moving 
towards the surface. Here, we report on the evolution of the liquid/solid interface roughness and its influence on 
the crystallinity of Si1-xGex layers depending on multiple parameters (strain state, doping level, Ge content, and 
pulse duration). This has been conducted with a roughness quantification method based on cross-section STEM- 
HAADF micrographs. It has been established that the liquid/solid roughness can be decreased by: (i) a 
compressive strain decrease, (ii) the use of short duration laser pulses or (iii) a reduction of the initial Ge content. 
The Ge content and strain must correspond to suitable values for optimized MOSFET performances. Conse-
quently, strain and pulse duration were found to be pertinent levers for liquid/solid interface roughness 
reduction. Increasing the amount of boron atoms in s-Si1-xGex:B/Si systems is another relevant strategy, as 
compressive strain decrease would then be associated with a beneficial contact resistance lowering in the source- 
drain regions of p-type MOSFET devices.

1. Introduction

Si1-xGex alloys took a major place in the microelectronic industry 
because of their potential for MOSFETs devices. These last decades, 
continuous miniaturization of these electronic devices yielded higher 
performances. Now, research on new 3D-based architectures is actively 
engaged. However, new issues were highlighted concerning the use of 
conventional Rapid Thermal Annealing essentially for the fabrication of 
ultra-shallow junctions and innovative 3D devices. Ultra-Violet Nano-
second Laser Annealing (UV-NLA) has attracted considerable attention 
thanks to its low and localised thermal budget [1–3]. Indeed, UV-NLA 
can be used to perform high temperature annealing at the surface 
while keeping the underlying material at lower temperature [4,5]. It has 
also been evidenced that UV-NLA enables to reach dopant 

concentrations much higher than their solubility limits in Si or Ge by 
reaching the melt regime [6–8]. Consequently, this processing method 
should pave the way to the diversification of device architectures with 
the introduction of 3D schemes, and to a general improvement of device 
performances [9–11].

Laser annealing in the melt regime on Si, Ge and Si1-xGex alloys has 
been studied for years [3,12–14]. Most of these studies have focused on 
the surface structuring induced by such annealing. In Si1-xGex alloys, 
segregation-induced self-organization has been identified. Samples 
exposed to laser annealing may exhibit nano-islands [15,16], ripples 
[17,18] or cellular [19] Ge-enriched structures at their surface 
depending on layer characteristics and annealing conditions (Ge con-
tent, layer thickness, solidification velocity, and so on). This type of 
surface self-organization was explained based on the evolution of the 
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liquid/solid (l/s) interface (corresponding to the melting front) during 
layer recrystallization. In particular, based on Mullins-Sekerka pertur-
bation theory, Weizman et al. proposed that the self-organization of Ge- 
enriched islands and ripples was due to the instability of the planar l/s 
interface during recrystallization [16]. This instability growth regime 
mainly depends on the Ge content and the solidification velocity. Nar-
ayan et al. have used a similar model to explain the segregation of solute 
atoms in indium-implanted Si resulting in the formation of a cellular 
morphology [20]. In Si1-xGex layers, the formation of the cellular 
morphology originates from Ge segregation, which was confirmed by 
energy-dispersive X-ray (EDX) experiments [21]. However, only a few 
experimental investigations were carried out on the direct character-
ization of this l/s interface, from which all of these specific structuring 
likely arise [22,23]. To get a better understanding of the melting and 
solidification processes, deeper investigations on this l/s interface are 
definitely needed.

In previous papers, we have investigated the impact of UV-NLA on 
30 nm-thick strained Si1-xGex layers [15,22]. In these layers, the 
different melt regimes (from sub-melt to full melt) and their re-
percussions on layer crystallinity were described. In particular, these 
investigations highlighted a strong correlation between the l/s interface 
roughness and the strain state of Si1-xGex layers. This was explained 
based on the elastic energy stored in Si1-xGex layers. Two cases were 
distinguished. First, when the l/s interface was smooth, i.e. for an elastic 
energy lower than a critical value of around 750 mJ cm− 2, the Si1-xGex 
layer remained perfectly strained after recrystallization. Second, when 
the l/s interface exhibited some roughness, the recrystallization sys-
tematically resulted in the formation of strain relieving defects. In that 
case, Si1-xGex layers relaxed even if the stored elastic energy was lower 
than that critical value. At this point, more investigations were required 
to better understand and ideally control the evolution of this roughness, 
in order to avoid layer relaxation.

In the present paper, we carried out a quantitative study of the 
evolution of the l/s interface roughness as a function of several experi-
mental parameters, such as the strain state of the Si1-xGex layer, the 
doping level or the Ge content. The objective was threefold: (i) improve 
our understanding of the origin of the l/s interface roughness, (ii) un-
derstand its impact on the crystallinity of Si1-xGex layers and (iii) iden-
tify the best process conditions yielding fully strained and defect-free 
layers after UV-NLA in the melt regime.

2. Materials and methods

2.1. Elaboration and processing of Si1-xGex layers

Three different series of Si1-xGex layers were investigated in this 
work. Specific characteristics and processing methods used on these 
layers are listed in Table 1. Undoped and in-situ boron-doped 30 nm- 

thick strained Si1-xGex layers (x = 0.1 – 0.4) were grown at 20 Torr on 
300 mm n-type Si (001) wafers by Reduced Pressure Chemical Vapor 
Deposition (RPCVD) in an Epsilon 3200 tool from ASM. These strained 
layers are referred to, in the following, as s-Si1-xGex and s-Si1-xGex:B. 
Before the deposition, a “HF-last” wet cleaning followed by an in-situ H2 
bake at 1100 ◦C were performed on Si surfaces. The undoped series of 
strained Si1-xGex layers has already been used in our previous in-
vestigations [15].

Si2H6 and GeH4 were used as Si and Ge gaseous precursors for the 
550 ◦C growth of the intrinsic s-Si1-xGex layers. Meanwhile, SiH2Cl2, 
GeH4 and B2H6 were used as Si, Ge and B gaseous precursors for the 
650 ◦C epitaxy of s-Si1-xGex:B layers. In that case, Si1-xGex:B growth was 
preceded by the deposition of 100 nm thick n-type doped Si layers to 
form a p-n junction. Three levels of B doping were considered, at 7.4 ×
1019, 1.4 × 1020 and 2.3 × 1020 at.cm− 3 (as measured by Secondary Ions 
Mass Spectrometry).

Thick and fully relaxed Si1-xGex layers (x = 0.2 and 0.5) were 
otherwise grown, at 20 Torr, on 200 mm p-type Si (001) substrates. 
These layers are referred to, in the following, as r-Si1-xGex. The fabri-
cation was carried out by RPCVD, in an Epi Centura 5200 tool, following 
a two steps process: (i) a deposition of a Si1-xGex layer with linearly 
graded Ge concentration, with a 10 % µm− 1 ramp used to reach the 
targeted Ge concentration, followed by (ii) a deposition of about one- 
micron thick constant composition Si0.8Ge0.2 or Si0.5Ge0.5 layers. They 
were grown at 850–900 ◦C to promote the glide of misfit dislocations 
and minimize the threading dislocation density, resulting in the for-
mation of strain-free micron-thick r-Si1-xGex layers on the top. Finally, 
Chemical Mechanical Polishing was performed on layers to remove the 
surface cross-hatch patterns inherent to such stacks [24].

Concerning the laser annealing, all three series of Si1-xGex layers 
were annealed by UV-NLA. This was performed in a SCREEN LT-3100 
system based on a XeCl excimer laser with a 308 nm wavelength, a 
pulse duration of 146 ns or 160 ns and a pulse frequency of 4 Hz. The 
laser beam is square-shaped (15 × 15 μm2) with a uniformity below 2 %. 
Annealing were performed under N2 ambient. A second set of s- 
Si0.7Ge0.3:B (7.4 × 1019 at.cm− 3) layers were annealed in a Pulsed Laser 
Induced Epitaxy system based on a XeCl excimer laser with a 308 nm 
wavelength, a pulse duration of 25 ns and a pulse frequency of 2 Hz, 
under ultrahigh vacuum (10-9 mbar). The laser beam is square-shaped 
(3 × 3 μm2) with a uniformity around 1.5 %. In both cases, the range 
of laser energy densities (ED) was selected in order to investigate the 
evolution of Si1-xGex layers in the various laser regimes. Indeed, laser 
annealing of Si1-xGex layers can be divided in three steps: (i) the surface 
melt, corresponding to the emergence of melted areas at the layer sur-
face, (ii) the partial melt, for which a continuous melted layer is formed 
at the surface of Si1-xGex layer and (iii) the full melt, corresponding to 
the complete melting of the Si1-xGex layer [11].

Table 1 
Characteristics of Si1-xGex layers used in this study, with their respective laser annealing conditions (pulse duration, wavelength, surface melt and partial melt 
threshold).

Series Ge content (%) Thickness (nm) Doping (cm− 3) UV-NLA Surface melt threshold (J cm− 2) Partial melt threshold (J cm− 2)

s-SiGe 10 30 − 146 ns 308 nm 1.66 1.94
20 30 − 1.55 1.86
30 30 − 1.45 1.75
40 30 − 1.32 1.72

s-SiGe:B 30 30 (Low) 7.4 × 1019 25 ns 308 nm n/a 0.600*
30 30 (Low) 7.4 × 1019 160 ns 308 nm 1.46 1.78
30 30 (Medium) 1.4 × 1020 1.45 1.78
30 30 (High) 2.3 × 1020 1.48 1.78

r-SiGe 20 1000 − 160 ns 308 nm 0.650 0.800
50 1000 − 0.525 0.650

* For 25 ns UV-NLA, partial melt threshold corresponds to an estimation based on TEM observations.
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2.2. Structural characterization of Si1-xGex layers

The evolution of the l/s interface in the melt regimes was investi-
gated in all three series thanks to cross-sectional Transmission Electron 
Microscopy (TEM). TEM investigations were mainly carried out by 
Scanning TEM in high Annular Dark Field (STEM-HAADF) mode and by 
Energy Dispersive X-ray spectroscopy (STEM-EDX), while the presence 
of defects in Si1-xGex layers was studied by Weak-Beam Dark-Field TEM 
(WBDF-TEM). JEOL JEM-2100F and JEOL JEM-ARM200F Cold FEG 
microscopes were used for the current study. TEM lamellas were pre-
pared using a dual beam Helios Nanolab 600i FIB-SEM.

Additional information on the strain state and on the crystallinity of 
the Si1-xGex layers were obtained by High-resolution X-ray Diffraction 
(HR-XRD). For HR-XRD, Reciprocal Space Maps (RSM) were acquired 
around the (224) reflection with an X’pert Pro PANalytical tool. RSMs 
were used to estimate the degree of strain relaxation for laser annealed 
samples.

2.3. Method for the quantification of l/s interface roughness

The contrast observed on STEM-HAADF micrographs is directly 
related to the chemical composition, the measured intensity increasing 
with the atomic number. This enables to differentiate phases in laser 
annealed Si1-xGex layers. It is known that, in the melt regime, UV-NLA of 
Si1-xGex layers induces a redistribution of Ge toward the surface [15,25]. 
Fig. 1 a-b shows two STEM-HAADF micrographs recorded in 30 nm- 
thick s-Si1-xGex:B layers annealed by UV-NLA. In the melted area, the 
redistribution of Ge is characterized by a depletion of Ge content near to 
the l/s interface and an increase of Ge content at the surface. In the 
STEM-HAADF mode, the redistribution of Ge is marked by a contrast 
gradient in the annealed area. This imaging technique also allows to 
evidence the position and the shape of the l/s interface, which corre-
sponds to the limit between melted and un-melted areas. In these mi-
crographs, an intensity threshold (along the z-axis) is determined at each 
x-coordinate to extract the depth (i.e. the y-position) of the l/s interface. 
In the partial melt regime (i.e. when the melt depth is lower than the Si1- 

xGex layer thickness), this threshold corresponds to the mid-level be-
tween the lowest intensity of melted area and the highest intensity of un- 
melted area. The correspondence of the intensity threshold is repre-
sented on Fig. 1.c. The same procedure is used for the full melt regime 

criterion (but with inverted contrast levels). Once the l/s interface is 
entirely reconstructed, the roughness R of the interface can be estimated 
using the following equation (1): 

R =
1
N

∑n

i=1

⃒
⃒yi − dl/s

⃒
⃒ (1) 

The mean depth of the l/s interface is represented by dl/s while its depth 
at position i is given by the coordinate yi. N corresponds to the total 
number of measurements (i.e number of pixels along the x-axis). Here, R 
represents the mean variation of the l/s interface around its mean depth. 
Using a resolution of 1024x1024 pixels, a minimum of 150 nm long 
STEM-HAADF micrographs are required to observe the stabilization of 
the R parameter. To ensure the reliability of the results, STEM-HAADF 
micrographs has been systematically taken in a window of 200 x 200 
nm2 to a maximum of 400 x 400 nm2 for the calculation of the R 
parameter. Roughness extraction examples from STEM-HAADF micro-
graphs are shown in Fig. 1 for (a) “rough” and (b) “flat” l/s interfaces. 
The l/s interfacial roughness were estimated at 1.23 ± 0.15 nm and 0.40 
± 0.09 nm, respectively. This procedure will be subsequently used in 
order to quantify the evolution of the roughness of the l/s interface as a 
function of layer parameters and processing methods.

3. Results & discussion

3.1. Evolution of the l/s interface in strained layers

3.1.1. Qualitative evolution of the l/s interface
Fig. 2 shows the evolution of a 30 nm-thick s-Si0.6Ge0.4 layer for 

different laser annealing conditions. By increasing the laser ED from 1.6 
J.cm− 2 to 2.2 J.cm− 2, different melt regimes are encountered. The first 
regime corresponds to the surface melt. In fact, at 1.6 J.cm− 2, TEM 
micrographs evidence a localised melt resulting in the formation of 
isolated melted islands in-homogeneously distributed on the surface. 
Here, it is not possible to clearly define a l/s interface roughness as large 
parts of the s-Si0.6Ge0.4 surface remain un-melted. However, formation 
of such structures at the layer surface in the surface melt regime may 
certainly contribute to the formation of a rough l/s interface after the 
transition to the partial melt regime. This partial melt regime observed 
at 1.8 J.cm− 2 corresponds to the formation of a continuous liquid layer 

Fig. 1. Typical STEM-HAADF micrographs of laser annealed Si1-xGex. Micrographs have been taken on low (a) and high (b) doped s-Si0.7Ge0.3:B layers at an ED of 
1.95 J/cm2. Both have been overlaid with the representative curve of the l/s interface. Z-axis corresponds to the intensity. (a) and (b) show rough and flat interfaces, 
respectively. (c) Single intensity profile taken along the y-direction.
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at the surface before its recrystallization. In this regime, the formation of 
a rough l/s interface is clearly observed. The last regime is called the full 
melt (i.e. the full melting of a Si1-xGex layer sitting on a Si substrate) and 
can be observed for a laser ED of 2.2 J.cm− 2. When the transition from 
partial to full melt happens, the l/s roughness clearly decreases. This 
flattening can be explained by the melting temperature (Tmelt) differ-
ences between Si (1412 ◦C) and Ge (938 ◦C). As the Si1-xGex alloy’s Tmelt 
is lower than that of the Si substrate, the Si1-xGex layer will be 
completely melted well before the Si substrate starts to melt. The l/s 
roughness thus remains very low in the full melt regime and seems to 
stop varying whatever the melt depth above the Si/Si1-xGex interface. In 
fact, the laser annealing of the free surface leads to a heterogenous 
nucleation during the first melting steps, however the less defective Si/ 
Si1-xGex interface buried beneath the surface allow preserving the lower 
roughness induced by the difference of Tmelt. Another set of laser anneals 

were performed on a 45 nm-thick s-Si0.7Ge0.3 layer. In this thicker layer, 
the l/s interface remained rough at a melt depth above 30 nm (see 
supporting information S1). This confirmed that the l/s interface did not 
progressively flatten by increasing the melt depth but instead because 
the Si/Si1-xGex interface was reached by the melt front.

3.1.2. Quantification of the l/s roughness
Fig. 3(a) shows the link between the mean melt depths and the laser 

ED for Ge contents varying from 10 % to 40 % in 30 nm thick SiGe layers. 
Melt depths increases almost linearly with the ED, with similar slopes 
whatever the Ge content. This likely indicates that the melting velocity is 
independent of the Ge content. The ED shift to lower values for higher 
Ge contents is due to the lower Tmelt of high Ge content layers. Once 
definitely in the full melt regime, at 2.2 J.cm− 2, all samples present a 
comparable melt depth (around 40–44 nm). This is related to the 

Fig. 2. STEM-HAADF micrographs of 30 nm-thick s-Si0.6Ge0.4 layers as a function of the laser ED (left). Schematization of each step of the melt process (right).

Fig. 3. (a) Evolution of the melt depth as a function of the laser ED. (b) Overview of the l/s interface roughness in various Ge content s-Si1-xGex layers, laser-annealed 
in the partial and full melt. (c) Evolution of the degree of strain relaxation, from XRD, as a function of the laser ED. The Ge content varies from 10 to 40 %. The melt 
depth corresponds to the mean depth of the l/s interface.
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definite impact of the Si substrate on the melt process.
Based on the procedure described in the section 2.3, the roughness 

parameters R of all analysed s-Si1-xGex samples were computed as 
functions of melt depth, for Ge contents in the 10–40 % range. These 
measurements are summarized in Fig. 3(b). A similar behaviour is found 
for all Ge contents. For lower melt depths, a high l/s roughness is 
measured. This roughness decreases until the full melt regime (i.e. the Si 
substrate) is reached at ≃30 nm then stabilizes at a low level. The 
presence of such l/s roughness is correlated to the strain relaxation in s- 
Si1-xGex layers. Fig. 3(c) evidences that for Ge contents of 20 to 40 %, 
surface and partial melt systematically lead to partial and, for 40 % of Ge 
and a specific ED, to full relaxation of the s-Si1-xGex layers. The ED range 
over which the strain is partially relaxed otherwise increases as the Ge 
content increases. However, the full melt regime, with the flattest l/s 
interface, yields the same compressive strain state than the as-grown one 
(i.e. no measurable strain relaxation). It has been established that strain 
relaxation is directed by the elastic energy stored in the s-Si1-xGex layer 
[15]. In the partial melt regime, the l/s interface roughness seems to 
increase for the higher Ge content. The effect of the Ge content may be 
due to two different mechanisms. First, the increased elastic energy 
induced by higher Ge contents can increase the l/s roughness. Second, 
an increase of the islands density and of their melt depth in the surface 
melt regime might result in an increased l/s roughness.

To determine the optimal working condition avoiding the formation 
of defects in the Si1-xGex layer it is essential to understand the origin of 
the l/s interface roughness. From these preliminary experiments, we can 
conclude that this roughness is linked to multiple parameters such as: (i) 
the initial strain, (ii) the actual Ge content, and (iii) the nano-structuring 
during the surface melt. Needless to say, all these phenomena interact 
with each other in these sample series. To explain the origin of the l/s 
interface and understand its influence on the crystallinity of Si1-xGex 
layers, we thus tried to decorrelate these phenomena by isolating each of 
them. We first reduced the initial compressive strain by high B doping at 
a fixed Ge content. We otherwise varied the Ge content in fully plasti-
cally relaxed, thick Si1-xGex layers. Finally, we changed the laser pulse 
duration at a given Ge content. The resulting data are discussed in the 
following.

3.2. Effect of the initial strain state

The introduction of large amounts of small size boron atoms in a Si1- 

xGex crystal lattice results, for a given Ge content, in a lattice parameter 
reduction of the B-doped layer compared to the un-doped one (aB =

3.852 Å, to be compared with aSi = 5.431 Å and aGe = 5.658 Å), leading 
in a decrease of the built-in compressive strain in s-Si1-xGex:B layers 
[26,27].

Ge content variations in Si1-xGex layers can lead to a strong modifi-
cation of the surface self-organization in the surface melt regime. In 
these layers, at the melt onset, the surface structures change from large 
square-shaped islands for 10 % of Ge to smaller cross-shaped islands 
extended in the <100> directions for 40 % of Ge [15]. Such changes 
may impact the evolution of the l/s interfacial roughness at the transi-
tion from surface to partial melt. To remove this “Ge content” effect, 
investigations were thus carried out on s-Si1-xGex:B layers with a fixed 
Ge content of 30 %. This enabled us to progressively reduce the built-in 
compressive strain by increasing B doping without interacting with the 
surface structuring. Three boron doping levels were analysed and esti-
mated: 7.4 × 1019, 1.4 × 1020 and 2.3 × 1020 at. cm− 2 These B-doping 
levels are referred to, in the following, as: low, medium and high, 
respectively. B-doping has no influence on the laser annealing process. 
Indeed, surface melt and partial melt thresholds are reached for the same 
energy densities for un-doped and B-doped layers (Table 1). This is 
confirmed in Fig. 4, which shows that, at the partial melt threshold (ED 
= 1.78 J cm− 2, please refer to Table 1), the melt depth remains equiv-
alent (≃18 nm) regardless of the B-doping level. Moreover, SEM mi-
crographs evidences that nano-structuring on the surface is similar, 
confirming that a modification of the surface melt process upon in-situ B 
doping is not expected. However, STEM-HAADF micrographs in Fig. 1
evidenced a significant impact of B-doping on the l/s interface rough-
ness itself.

The roughness of the l/s interface has been calculated as a function of 
the B-doping level for a laser ED of 1.95 J cm− 2

, e.g. for a laser annealing 
in the partial melt regime (Fig. 5(a)). The corresponding STEM-HAADF 
micrographs are presented on Fig. 1.a-b concerning the low and high B 
doping, respectively. Whatever the B-doping level, melt depths were 
estimated around 25 nm. For the low-doped s-Si0.7Ge0.3:B layer, the l/s 
interface roughness was estimated around 1.2 nm. Computed R pa-
rameters evidenced a significant flattening of the l/s interface as the B 

Fig. 4. Evolution of the melt depth at the partial melt threshold (for an ED of 1.78 J cm− 2) as a function of the B-doping level of s-Si0.7Ge0.3:B. Figure inserts: 1 × 1 
μm2 top-view SEM micrographs of the surfaces.
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doping increased, down to 0.5 nm for the high doping. This suggests that 
a decrease of the initial compressive strain in s-Si1-xGex layers thus 
resulted, at least for 30 % of Ge, in a decrease of the l/s interfacial 
roughness.

To quantify the impact of B-doping, and so of the l/s roughness, on 
layer crystallinity, degrees of relaxation of these s-Si0.7Ge0.3:B layers 
were also extracted from HR-XRD Reciprocal Space Maps. They are 
shown as a function of the B-doping level in Fig. 5(a). For the low-doped 
sample, the s-Si0.7Ge0.3:B layer is partially relaxed (25 %) and strain 
relieving defects are present in the layer. For medium and high-doped 
samples, with smoother l/s interfaces (R < 0.6 nm), Si0.7Ge0.3:B layers 
remain perfectly strained. From these HR-XRD experiments, a modifi-
cation of the crystalline structure of the s-Si0.7Ge0.3:B layer is observed 
and can be divided in two steps depending on the R parameter. For low B 
doping, the presence of a rough l/s interface thus favours the plastic 
relaxation of the Si0.7Ge0.3:B layer, with the formation of strain relieving 
defects. For higher B doping, the flat l/s interface preserves the as-grown 
compressive strain and the s-Si0.7Ge0.3:B layer remains defect-free. For a 
medium B doping, the l/s interface is smooth enough to keep the original 

strain state. However, punctual defects are observed in the annealed 
layer (Fig. 5b). Thereby, in s-Si0.7Ge0.3:B layers, an increase of the l/s 
interface roughness results in the formation of defects, and the accu-
mulation of these defects leads to the relaxation of the s-Si1-xGex:B layer.

3.3. Impact of the Ge content

3.3.1. Evolution of the l/s interface roughness
As seen in the previous section, variations of the initial strain state 

lead to a significant modification of the l/s roughness. To decorrelate the 
impact of the initial strain from that of the Ge content, further in-
vestigations were carried out on fully relaxed, thick Si1-xGex layers, with 
20 % and 50 % of Ge.

STEM-HAADF cross-sections of r-Si0.8Ge0.2 are displayed in Fig. 6(a- 
c). In r-Si1-xGex layers, the melting process follows the same steps than in 
s-Si1-xGex layers (Fig. 2). However, the laser ED required to reach the 
melt threshold in r-Si0.8Ge0.2 (0.65 J cm− 2) is much lower than in s- 
Si0.8Ge0.2 (1.55 J cm− 2). This is due to the much lower thermal con-
ductivity of Si1-xGex alloys compared to Si [28], and the much larger 

Fig. 5. (a) Evolution of the l/s interfacial roughness and degree of strain relaxation with the B-doping level and (b) Cross-sectional TEM micrographs of s-Si0.7Ge0.3:B 
layers annealed at ED = 1.95 J cm− 2.

Fig. 6. Micrographs of r-Si0.8Ge0.2 layers laser annealed with ED ranging from 0.75 to 1.1 J cm− 2 taken in the STEM-HAADF mode. (a) At 0.75 J cm− 2, the 
micrograph corresponds to the end of the surface melt regime. (b-c) For laser ED higher than 0.8 J cm− 2, the partial melt regime is reached. (d) Corresponding STEM- 
EDX Ge depth profiles. At 0.75 J cm− 2, the profile has been recorded in a melted area only. Zero corresponds to the l/s interface position.
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thickness of the r-Si1-xGex samples (combining a relaxed layer of 1 µm 
and a thick graded buffer of 2–5 µm). Here, the surface melt regime 
occurs for laser ED ranging from 0.65 to 0.80 J cm− 2. In this range, the 
surface islands will progressively cover the entire surface until 0.80 J
cm− 2 at which point a continuous melted layer is formed on the surface 
(Fig. 6(b)), evidencing a transition to the partial melt regime. Moreover, 
as for s-Si1-xGex layers, the Z-contrast gradient in STEM-HAADF micro-
graphs as well as the EDX Ge profiles presented in Fig. 6(d) highlight a 
Ge redistribution toward the surface inside melted areas. Concerning the 
l/s interface, strong variations of the melt depth already appear in the 
surface structuring at 0.75 J cm− 2 in STEM-HAADF micrographs. 
Indeed, as shown in Fig. 6(a), the melt depth can vary from 28 up to 44 
nm in a single surface island. This likely alters the evolution of the l/s 
interface during the transition from surface to partial melt, explaining 
the presence of a rough l/s interface (R = 1.2 nm) at the partial melt 
threshold (0.8 J cm− 2).

The l/s roughness is plotted as a function of melt depth in Fig. 7(a). It 
remains almost constant regardless of the melt depth in r-Si0.8Ge0.2. 
Even if this roughness is similar to that measured in low doped s- 
Si0.7Ge0.3:B in the partial melt regime (Fig. 5(a)), it must be noted that, 
in r-Si0.8Ge0.2, this l/s roughness does not induce the formation of de-
fects in the whole layer. This means that the presence of defects in laser- 
annealed Si1-xGex layers is due to both roughness and initial compressive 
strain. For higher Ge contents (i.e. r-Si0.5Ge0.5), the l/s interface 
roughness drastically increases, reaching values close to 4 nm, with once 
again no clear melt depth impact. In Si1-xGex alloys, due to Tmelt dif-
ferences between Si and Ge, an increase of the Ge content induces a 
decrease of the Tmelt of the alloy, and so a decrease of the melt ED 
threshold. Fig. 7(b) displays the evolution of the melt depth as a function 
of the laser ED for both layers. This Tmelt difference always leads to 
deeper melt depths in r-Si0.5Ge0.5 compared to r-Si0.8Ge0.2 at fixed laser 
ED. Deeper melt depths during surface melt regime may thus generate 
higher l/s interface roughness during the transition from surface to 
partial melt regime. It must be noted that, even in the surface melt 
regime, melt depths in r-Si0.8Ge0.2 layers can exceed the thickness of our 
strained layers, i.e. 30 nm (Fig. 6(b)). This melt depth difference be-
tween thin, strained and thick, relaxed Si1-xGex layers can be attributed 
to thermal conductivity differences. Interestingly, in semiconductors 
like Si, this physical parameter is weakly impacted by strain, whether 
compressive or tensile. Moreover, if compressive strain may be the 
origin of thermal conductivity variations in our study, the impact should 
have been the opposite, with an increase of the melt depth [29–31]. The 
melt depth changes are thus mainly due to considerable thickness 

differences [32], and, to a lesser extent, to the presence of dopants 
[33–35].

3.3.2. Formation of buried Ge-rich walls inducing a cellular surface 
morphology

In these layers, if no changes on the l/s interface roughness were 
highlighted depending on the laser ED, the self-organization of the 
regrown layer seems to be strongly impacted. Fig. 8 top-view SEM mi-
crographs of the surfaces show its evolution for ED varying from 0.8 to 
2.0 J cm− 2. At the partial melt threshold (0.8 J cm− 2), the surface 
structuring looks qualitatively the same as the one previously observed 
in B-doped s-Si0.7Ge0.3 layers (Fig. 4). However, at higher ED, it pro-
gressively reorganizes to stabilize in the form of a cellular morphology 
from 1.5 J cm− 2. There is then a network of regular square shaped cells 
with sides mainly elongated along the <110> directions, and ranging 
from 110 to 180 nm.

In addition to this surface self-organization, STEM-HAADF micro-
graph of r-Si0.8Ge0.2 layer annealed at 1.5 J cm− 2 (Fig. 9(a)) evidenced 
an abrupt modification of the melted layer compared to that under-
neath. Bright contrasts in STEM-HAADF micrograph highlights a sig-
nificant Ge segregation, with the formation of 80 nm-long Ge-rich pillars 
at the surface of the r-Si0.8Ge0.2 layer. These pillars correspond to the 
walls defining the cellular morphology on the surface. The composition 
of those pillars has been determined by EDX analysis (see supporting 
information S2). A Ge content varying from ~70 % up to ~90 % was 
evidenced. Given the thickness of the TEM lamella and the random 
disposition of cells, a superimposition of Ge-rich walls with the sur-
rounding matrix may artificially reduce the real Ge composition during 
EDX analysis. Actually, these walls might be made of almost pure Ge. 
This evolution is not specific to r-Si1-xGex layers and such a kind of 
cellular morphology has already been observed after the laser-annealing 
of amorphous or strained Si1-xGex layers [19,21,36,37]. It was shown 
that the layer thickness and the Ge content could alter the features of this 
self-organization [21].

A model explaining the formation of a cellular morphology in laser- 
annealed Si1-xGex was proposed in the literature, based on the analysis of 
Cz-grown Si0.85Ge0.15 layers [23,38]. In these experiments, the l/s 
interface switched from planar to faceted in the <110> directions. This 
faceting generated a lateral segregation of Ge and the growth of Ge-rich 
or pure Ge phases in valleys, reducing the growth velocity at these lo-
cations. This growth velocity difference between Ge-rich and Ge-poor 
regions then led to the formation of Ge-rich walls up to the layer sur-
face. In the present case, independently of the Ge content, the initial l/s 

Fig. 7. (a) Evolution of the l/s interface roughness as a function of average melt depth in thick relaxed SiGe layers with 20 % or 50 % of Ge. Surface melt roughness is 
not shown here. (b) Evolution of the melt depth as a function of the laser energy density for r-Si1-xGex (x = 0.2 or 0.5).
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interface is clearly rough (Fig. 7(a)). During the first steps of the melt 
regimes, from 0.75 to 1.1 J cm− 2, Ge segregates in the melted areas and 
the Ge composition at the layer surface continuously increases (Fig. 6
(d)). Given the wall composition estimations by EDX, such segregation 
may occur until pure Ge phases are locally formed. As Ge walls start to 
form 160 nm from the l/s interface, considering a linear evolution of the 
melt depth from Fig. 7(b), the cellular morphology may appear at ED 
between 1.2 and 1.3 J cm− 2. By increasing the Ge composition, layer 
evolution at high ED is similar but all effects are increased (segregation 
phenomenon, l/s interface roughness, melt depth …).

A representative curve of the l/s interface has been extracted and 
plotted for part of the STEM-HAADF micrograph shown in Fig. 9(b). This 
representation evidences that Ge-rich walls are formed at specific lo-
cations which corresponds to the valleys of the l/s interface (highlighted 
for two walls by black arrows). On the EDX spectra represented in Fig. 6
(d), it is evidenced that the increase of the laser ED induces a progressive 
increase of the Ge surface composition, because of Ge segregation, from 
45 % at 0.75 J cm− 2 to 75 % at 1.1 J cm− 2. In this way, assuming that the 
Ge segregation occurs perpendicular to the l/s interface, valleys at the l/ 
s interface will be preferential sites for the formation of Ge-rich phases. 
In the stages that follow, Ge will continue to laterally segregate to form 
walls and the cellular surface morphology. Moreover, even if the 
regrowth itself of a r-Si0.8Ge0.2 layer cannot be directly observed, the 
presence of <110> facets between Ge-poor and Ge-rich phases near the 

surface (Fig. 9(c)) at the end of crystal regrowth hints at an evolution 
from an initially rough to a faceted l/s interface.

A TEM micrograph of r-Si0.8Ge0.2 annealed at 1.5 J cm− 2, taken in the 
WBDF mode with a diffraction vector g = [004], is shown in Fig. 9d. This 
micrograph evidences the presence of defects (bright contrasts) close to 
Ge-rich walls. These defects are generated all along the Ge-rich walls up 
to the r-Si0.8Ge0.2 surface. At lower ED, Ge segregation towards the 
surface left the layer defect-free. The l/s interface roughness remained 
constant regardless of the melt depth (and thus whatever of the surface 
structuring). This may indicate that the generation of these defects at 
high ED is not linked to the roughness but to the formation of the Ge-rich 
phase itself, leading to the formation of a cellular morphology. Similar 
dislocations have been observed after the regrowth of Ge implanted Si at 
high temperature. These so-called hairpin dislocations, due to the layer 
relaxation, were generated at Ge concentration maxima (higher elastic 
energy) and extended up to the surface [39]. Here, very similar dislo-
cations seem to be generated due to Ge segregation. This could explain 
why these dislocations were found only along Ge-rich walls at high ED.

3.4. Impact of the laser pulse duration

Finally, to properly quantify the impact of nano-structuring, during 
the surface melt regime, on the partial and full melt regimes, in-
vestigations were performed on low-doped s-Si0.7Ge0.3:B layers with 

Fig. 8. 1 × 1 μm2 top-view SEM micrographs of r-Si0.8Ge0.2 for various laser ED. Scan sides are parallel to <110> directions.

Fig. 9. (a) STEM-HAADF micrograph of a r-Si0.8Ge0.2 layer laser-annealed at 1.5 J cm− 2. (b) Zoom on the representative curve of the l/s interface. (c) Magnified 
micrograph on a Ge-rich pillar. (d) WBDF-TEM micrograph evidencing the presence of defects in the layer. The diffraction vector is g = [004].
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different laser pulse durations of 25 and 146 ns, respectively. Using short 
pulse durations provides faster l/s interface velocity than long pulse 
durations. The recrystallization speed has a direct impact on the Ge 
concentration in the solid phase χS through the partition coefficient k: χS 
= k. χL (where χL is the Ge concentration in the liquid phase near the l/s 
interface). By increasing the l/s interface velocity, the partition coeffi-
cient increases close to 1, considerably reducing Ge segregation 
[36,40–43]. This has been confirmed by SIMS analysis (see supporting 
information S3). Such observation has been recently evidenced on Si1- 

xGex layers annealed by NLA with 24 ns pulses by SIMS measurements, 
in which Ge profile barely flat excepted at the layer surface and near to 
the l/s interface [44,45]. By comparison, in our previous study, using 
146 ns pulses evidenced strong Ge redistribution all along the layer 
whatever the melting regime [15]. STEM-HAADF micrographs of low- 
doped s-Si0.7Ge0.3:B layers annealed in the partial (0.727 and 0.848 J
cm− 2) and full melt (0.969 J cm− 2) regimes with a pulse duration of 25 
ns are displayed in Fig. 10(a). The use of a shorter pulse duration during 
laser annealing process clearly results in a decrease of the l/s interface 
roughness in the partial melt regime (compared to Fig. 1(a)). Fig. 10(b) 
shows the evolution of the l/s roughness parameter for both pulse du-
rations. While roughness in the full melt regime are equivalent due to 
the major impact of the Si1-xGex/Si interface, as highlighted in Section 
3.1.1, shorter pulses induce a significant flattening of the l/s interface in 
the partial melt regime, with the formation of a flat interface similar to 
that in the full melt regime. This decrease of the l/s interface roughness 
seems to be beneficial to the crystalline quality of such thin layers. While 
stacking faults were observed with 146 ns pulse durations, no defects at 
all were observed, regardless of the laser ED, for 25 ns pulse durations. 
Once again, a significant correlation between the roughness of the l/s 
interface and the formation of defects in the layer was evidenced. Then, 
the use of shorter pulse duration during the annealing process may be 
beneficial to the layer properties.

4. Conclusion

In this paper, the impact of laser annealing on Si1-xGex layers, with a 
focus on the liquid/solid (l/s) interface roughness, has been investigated 
with TEM and HR-XRD. To better understand the influence of the l/s 

interface roughness on the crystallinity of Si1-xGex layers, a methodology 
for the quantification of this roughness based on cross-sectional STEM- 
HAADF micrographs has been established. This procedure enabled us to 
precisely understand the evolution of this roughness as a function of the 
Si1-xGex layer characteristics (Ge content, doping, strain state) as well as 
laser annealing conditions (energy density, pulse duration). Three 
possible origins of the l/s interface roughness were highlighted. (i) A 
decrease of the initial strain state of the Si1-xGex layer induced by B- 
doping led to a decrease of the roughness and a reduction of strain 
relaxation in the melt regimes. (ii) The Ge content had an indirect 
impact on interface roughness coming from self-organization during the 
surface melt. Higher Ge contents result in rougher interfaces. (iii) A 
reduction of the pulse duration used for laser annealing significantly 
reduced the l/s interfacial roughness. Moreover, it has been evidenced 
that the l/s interface roughness had a major impact on the global layer 
structuring under extreme conditions resulting in a cellular surface 
morphology with pure Ge walls. The use of B-doping and/or the use of 
short pulse duration may be the best options to obtain defect-free Si1- 

xGex layers when using laser annealing.
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