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A B S T R A C T   

Nanosecond pulsed laser annealing using a frequency doubled Nd:YAG laser (λ = 532 nm) was performed on 
undoped implant amorphized Si and 40 nm Si1-xGex epitaxial thin films ranging from x = 0.1 to 0.5. Ge+ implants 
were used to create ~ 15 nm thick surface amorphous layers. The microstructural evolution of the layers was 
investigated for laser powers that ranged from the sub-melt, partial amorphous layer melt, full amorphous layer 
melt, to full epi-layer melt regimes. Time resolved reflectometry and transmission electron microscopy was used 
to couple the impact of melt dynamics with resulting microstructures and to determine processing benchmarks as 
a function of Ge concentration. It was shown that for the right combination of power and amorphous layer 
thickness, defect free regrowth is possible. At melt depths ≥ 22 nm for the Si0.7Ge0.3 films, it was found that 
progressive liquid/solid interface roughening during solidification led to lateral germanium segregation coupled 
with the formation of dislocation half loops and dislocation loop clusters at the surface. These results are 
important for the exploration of pulsed laser melting of Si1-xGex for CMOS source/drain contact and channel 
strain engineering applications.   

1. Introduction. 

Since the 90 nm logic technology node, the use of Si1-xGex in source/ 
drain (S/D) applications to create a strained Si channel has been a crucial 
component in CMOS technology [1]. Si1-xGex straining has allowed pMOS 
transistors to match performance gains in nMOS by increasing the hole 
mobility [1]. Additionally, Si1-xGex in the S/D has a positive effect on the 
interfacial contact resistance at the metal/semiconductor interface due to 
Schottky barrier lowering with increased Ge concentration [2]. As a 
result, Si1-xGex in the S/D region remains a vital component in pMOS, and 
further improvements in thermal processing, dopant activation, and 
contact metallization of Si1-xGex are needed [3–5]. 

It is well known that sub-μs pulsed laser melting of Si is one of the 
most effective methods for maximizing dopant activation [6–9]. 
Despite integration challenges such as non-uniform absorption caused 
by pattern effects, the opportunities afforded by laser melting have 
continued to fuel interest in its application in CMOS technology 
development. It is well established that ion implantation can be used to 
amorphize Si to a controllable depth [10,11]. As a result, many studies 
have been dedicated to an approach termed laser thermal processing 

(LTP) of implant amorphized Si which take advantage of the reduced 
melting temperature of amorphous Si relative to crystalline Si [12,13]. 
This reduction in melting temperature, combined with the shallow 
optical absorption of the laser which localizes heating to the surface, 
allows for the pulsed laser melting process to operate within thermal 
budget constraints of CMOS devices. Related phenomena such as 
explosive crystallization, fluence thresholds for defect free epitaxial 
regrowth, and controllable junction formation have also been studied 
in Si [14–17]. 

More recently the incorporation of Si1-xGex into heterojunction bi-
polar transistor and logic devices has led to a number of studies inves-
tigating LTP of Si1-xGex, including quantification of the Ge velocity 
dependent segregation coefficient and the application of graded Si1-xGex 
layers for strained Si applications [1,18–22]. The increase in parasitic 
resistances caused by aggressive CMOS scaling has resulted in a growing 
number of studies applying LTP of implant amorphized Si1-xGex S/D to 
state-of-the-art devices [23,24]. Furthermore, the reduced melting 
temperature of Si1-xGex alloys relative to Si allows for melt propagation 
to be confined to well defined depths. The results have been very 
promising and show LTP has the potential to meet thermal budget and 
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doping requirements for existing and future technology nodes. Surpris-
ingly, there are few microstructural studies of the effects of LTP on 
implant amorphized Si1-xGex. Studies involving LTP of amorphized S1- 

xGex from As- and Ga-doping via implantation have suggested Ge and 
dopant segregation can occur and this can alter the microstructure 
[25–27]. To better understand the microstructural evolution upon laser 
thermal processing and to decouple dopant effects, a comprehensive 
study of LTP in undoped amorphized Si1-xGex is needed. This paper in-
vestigates the effect of laser parameters on melt propagation and 
resulting microstructures of implant amorphized Si1-xGex layers as a 
function of Ge concentration. A combination of time resolved reflec-
tometry and transmission electron microscopy is used to explain how 
these layers evolve after laser melting and recrystallization. 

2. Materials and methods 

2.1. Si1-xGex epitaxy and ion implantation 

40 nm thick undoped Si1-xGex epi layers (x = 0.1,0.3, and 0.5) were 
grown on blanket 300 mm (100) Si wafers using an Applied Materials 
Centura® reduced pressure chemical vapor deposition (CVD) system. 
Prior to deposition, native oxide on the Si wafers was removed in the 
SiCoNi™ chamber and transferred to the CVD chamber without breaking 
vacuum. Dichlorosilane (SiH2Cl2) and Germane (GeH4) were used as 
precursors for Si and Ge respectively, with H2 used as a carrier gas. 
Growth temperatures were within the range of 600–650 ◦C and were 
gradually lowered with increasing Ge concentration to promote strained 
growth of the Si1-xGex layers. All layers were pseudomorphic, with the 
exception of the 50% Ge layers which were partially relaxed. Amorph-
izing implants were performed on all epi samples as well as a Si control 
sample. All wafers were implanted at room temperature with a 10 keV 
Ge+ 1 × 1014 cm− 2 implant resulting in a 10–15 nm amorphous layer 
depending on the Ge content. The amorphous layer thickness decreased 
with increasing Ge content due to the decrease in ion projected range. 

2.2. Laser irradiation and time resolved reflectometry (TRR) 

Samples were irradiated with a Q-switched frequency doubled Nd: 
YAG laser (λ = 532 nm). Fig. 1 is a schematic of the pulsed laser and 
reflectometer setup. The beam path was comprised of pulse stretching 
and beam-shaping optics including a pair of micro-lens arrays, and a 
square aperture imaged the beam to a 9x9 mm2 square at the target. The 
optics are such that a uniform top-hat profile with less than 3% deviation 
is created over the entire 9 × 9 mm2 area to avoid the need for scanning. 
A pair of lasers chained together resulted in a roughly Gaussian time 
profile with a pulse length of 32 ns full width at half maximum. The 
lasers operate with a repetition rate of 5 Hz; however, for these studies 

only a single pulse was used. A fluence range of 185–728 mJ/cm2 was 
used, which was sufficient to cover the sub-melt to liquid phase epitaxy 

regimes in all sample sets. The standard deviation of energy density 
from pulse to pulse was measured to be less than 1.5%. Samples were 
placed in a vacuum chamber at a pressure of 1.3 torr and irradiated 
through an optical quartz window at room temperature. 

TRR spectra were collected using a low power CW diode laser (λ =
658 nm) with 3 mm ∅ incident beam at near normal, and the reflected 
beam was collected using a Si PIN photodetector connected to a digi-
tizing oscilloscope. Unless stated otherwise, the term ‘reflectivity’ is 
used to refer to the induced photovoltage of the reflected beam. The 
recording of the TRR spectra by the oscilloscope were triggered by a 
photodetector collecting the diffusely scattered light of the Nd:YAG laser 
pulse from the beam-shaping optics. In this investigation, because of the 
differences in reflectance between samples of varying Ge concentration, 
the initial collected photovoltage for all samples was set to 100 mV. 
Effectively, the collected TRR spectra are a measure of the change in 
reflectivity, allowing for direct comparison over all sample conditions 
and laser energy densities. 

A description of the TRR technique has been reviewed before and is 
briefly described below [28]. The TRR approach employs the ability of a 
laser to penetrate a surface, and probe changes in reflectivity over the 
nanosecond time scale. For Si and Ge, the molten phase is metallic due to 
the delocalization of electrons, producing a higher reflectivity than the 
solid phase. Additionally, reflectivity is sensitive to temperature and 
increases with elevating temperatures. Fig. 2 is a schematic of the dy-
namics of an ideal pulsed laser melting event of implant amorphized Si1- 

xGex. Melting begins at the surface and a liquid/solid (l/s) interface 
propagates inward to a maximum melt depth before solidification 
propagates towards the surface. The maximum depth of the l/s interface 
is a function of energy density for a given pulse length, and the l/s 

Fig. 1. Schematic of the 2nd harmonic Q-switched Nd:YAG laser system and reflectometer. Energy density is controlled by the waveplate, and the shutter allows for 
selection of single pulse anneals. The reflectometer is composed of a CW diode laser and Si PIN photodetector connected to a digitizing oscilloscope. The diode laser is 
focused on the center of the area irradiated by the Nd:YAG pulse. The temporal intensity profile is near-gaussian and the standard deviation of the cross-sectional 
energy distribution is ± 3%. The scale bar is 4 mm. 

Fig. 2. Schematic of a pulsed laser melting event of an implant amorphized 
epitaxial Si1-xGex layer. 
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interface position is a function of time. When applied to a dynamic 
process such as pulsed laser melting, the reflection of a probing laser can 
detect the heating of a solid, propagation and solidification of a molten 
phase, and the subsequent crystallization of an initially amorphous 
phase. For Si in the solid state, the reflectivity is higher for the amor-
phous phase than crystalline, and polycrystalline-Si (pc-Si) possesses a 
reflectivity between that of single crystal-Si (sc-Si) and amorphous-Si (a- 
Si) at a wavelength of 633 nm [28]. For Ge in the solid state, it has been 
reported that the absolute reflectance of a-Ge and sc-Ge are nearly 
equivalent at wavelengths near 658 nm [29]. The optical properties of a- 
Si1-xGex have not been reported in literature and is beyond the scope of 
this work, however, this study will empirically determine reflectivity 
trends as a function of Ge concentration and phase by supplementing 
with TEM. 

2.2.1. Modeling of amorphous and crystalline Si melting 
Modeling of the time dependent l/s interface position and tempera-

ture profile was used to help explain TRR spectra and resulting micro-
structures as fluence is increased from the amorphous to crystalline 
melting regime. The laser induced melt predictions (LIMP) program was 
used and works by solving the one-dimensional heat flow equation for 
energy deposited near the sample surface by a laser pulse [30]. The 
temporal pulse profile of the laser system, Fig. 1, was used along with 
material parameter profiles that include the temperature dependent 
physical and optical properties of the layers in the samples [31,32]. Due 
to the lack of reported values for a-Si1-xGex, melt dynamics of an a-Si/c- 
Si stack are extrapolated to observations in the implanted Si1-xGex 
samples. 

2.3. Microstructural characterization 

TRR spectra were correlated as a function of energy density and Ge 
concentration with corresponding post-irradiation cross-sectional high- 
resolution TEM (X-TEM) micrographs. Lamellae were prepared using an 
FEI Helios NanoLab 600 dual beam FIB/SEM that utilized in situ Pt 
deposition prior to milling to protect the sample surface. An FEI Talos 
F200i S/TEM was used for high-resolution TEM and high angle annular 
dark-field (HAADF) STEM imaging, in addition to energy dispersive 
spectroscopy (EDS) for chemical depth profiling. 

3. Results and discussion 

For each set of samples, single pulse anneals were performed where 
the laser fluence was sequentially raised from a low value in the sub- 
melt regime to the fluence threshold necessary to achieve liquid phase 
epitaxy from the amorphous/crystalline (a/c) interface. A key focus of 
this study was to identify important pulsed laser processing benchmarks 
in terms of fluence such as the solid phase epitaxy regime, the onset of 
melt, and the threshold for liquid phase epitaxy. Melting of the amor-
phous layer occurs at temperatures below the equilibrium melting 
temperature of c-Si1-xGex, producing a melt that is highly undercooled 
leading to rapid re-solidification velocities. As laser fluence was 
increased from this regime, particular attention was paid to the dy-
namics of the (l/s) interface position relative to the a/c interface as 
temperatures approach and surpass the c-Si1-xGex melting temperature. 
A crucial component of the implantation technique is to fully repair the 
damaged introduced into the lattice that can extend into the end-of- 
range (EOR) region beginning at the a/c interface. The roughness pro-
file of the a/c interface can produce faulted liquid phase epitaxial 
regrowth, therefore, defect evolution and elimination as a function of 
fluence and melt depth is stressed. 

3.1. Sub-melt to threshold for liquid phase epitaxial regrowth 

TRR spectra ranging from sub-melt (≤ 247 mJ/cm2) to full melting of 
the amorphous layer (≥ 284 mJ/cm2) is shown in Fig. 3a. A plot of the 

change in reflected intensity between the final and initial steady state 
reflectance (ΔR) as a function of laser fluence is shown in Fig. 3b. At 
energy densities below 272 mJ/cm2 no melt is detected and the 
observed rise in reflectivity is due to the rapid heating of a-Si0.7Ge0.3. 
This rise in reflectivity is monotonic with time in the solid phase and is 
characteristic of all spectra collected below the melting point. The slight 
reduction in the final steady state reflectance seen in the 247 mJ/cm2 

spectrum indicates a conversion of amorphous material into crystalline. 
Comparison of the as-implanted cross-sectional TEM (XTEM) micro-
graph in Fig. 3c with the corresponding XTEM micrograph for the 247 
mJ/cm2 pulse, Fig. 3d, shows the layer is still amorphous and the 
decrease in reflectivity can be attributed to solid phase epitaxy at the a/c 
interface. The diffuse rings seen in the fast Fourier transform (FFT) of the 
top layer shown in the inset additionally confirms the absence of any 
crystallinity. Deviation from the monotonic rise in reflectivity of the 
TRR trace observed in the solid state is first seen at an energy density of 
272 mJ/cm2 and is attributed to the onset of melt on the surface. A more 
pronounced drop in the final steady-state reflectance is observed in the 
TRR trace, indicating a larger fraction of the amorphous layer recrys-
tallized post irradiation. Due to the rough amorphous/crystalline (a/c) 
interface, XTEM in Fig. 3e shows un-melted amorphous pockets between 
polycrystalline and epitaxial Si0.7Ge0.3 at deeper regions of the a/c 
interface along with a textured grain at a shallower region, indicating 
the maximum melt depth only reached the shallower regions of the a/c 
interface. The FFT of the top layer showing the reciprocal space of the 
lattice clearly shows {111} rings indicative of the polycrystalline phase 
along with single crystal spots and streaking from the textured grain. As 
energy density is increased to 284 mJ/cm2 the peak intensity of the TRR 
signal increases due to both the melt propagating deeper into the a- 
Si0.7Ge0.3 layer and to the increase in temperature of molten Si0.7Ge0.3. 
Spectra for the 284 & 308 mJ/cm2 exhibit a saturation of the final steady 
state reflectance along with a significant drop in reflectance from the 
272 mJ/cm2 pulse. This signifies the threshold for liquid phase epitaxy 
has been reached (i.e. the liquid melt depth has reached the bottom of 
the amorphous layer and crystallization can occur from the single crystal 
substrate), verified by XTEM in Fig. 3f. Despite reaching the liquid phase 
epitaxy regime, the resulting single crystal is highly defective with 
micro-twins and stacking faults caused by imperfect seeding from the 
non-planar a/c interface. It is also possible the damage in the EOR region 
contributes to the nucleation of extended defects that propagate during 
liquid phase epitaxy. The FFT of the image in the [110] zone axis shows 
streaking in the 〈111〉 vectors and double diffraction spots which rep-
resents the presence of stacking faults and micro-twins respectively 
[33]. The trends in the TRR spectra highlight the decrease in reflectivity 
from the amorphous, polycrystalline, and epitaxial layers respectively. It 
can be seen in Fig. 3b that due to this trend, the inflection points of the 
ΔR plot correlate with the distinct solidification regimes between solid 
phase and liquid phase epitaxy. 

Applying the TRR technique to amorphized epitaxial films with Ge 
concentrations ≤ 50% shows a consistent hierarchy of reflectance be-
tween solid phases. An expanded ΔR plot that includes the process 
window to reach the threshold for liquid phase epitaxy for implanted Si1- 

xGex, where x = 0,0.1,0.3, and 0.5 is shown in Fig. 4a. The observed shift 
of the profiles in terms of fluence is a function of both melting temper-
ature and pulsed laser absorption. Assuming homogeneous melting and 
solidification of Si1-xGex, the melting temperature of the alloy decreases 
linearly with increasing Ge concentration, leading to a reduction in 
deposited power necessary to induce melting [34]. However, the near 
overlapping of the Si0.5Ge0.5 and Si0.7Ge0.3 profiles suggest a non-linear 
change in optical absorption of the 532 nm laser pulse as a function of Ge 
concentration. In this case, a reduction in 532 nm absorption as Ge 
concentration is raised from 30% to 50% compensates for the reduction 
in the total deposited energy required to induce melting. For the 658 nm 
probing laser, the characteristic ΔR profile seen in the Si0.7Ge0.3 layers is 
observed in all other Si1-xGex layers, although it can be seen that the 
magnitude in reflectivity difference between the amorphous and single 
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crystal states decreases with increasing Ge concentration. TRR Spectra 
from the threshold for liquid phase epitaxy of each composition, 
designated by the open symbols in Figure, 4a, are shown in Fig. 4b and 
makes this difference more apparent. Recalling the study by Donovan 
et al., the absolute reflectance of single crystal Ge is nearly equivalent to 
amorphous Ge at 658 nm, so the ability to resolve solidification regimes 
diminishes with increasing Ge concentrations in SiGe alloys for this 
wavelength [29]. In contrast, the reflectivity difference between the 
liquid and the amorphous states is shown to increase with Ge concen-
tration. More significantly, the difference between the hot-amorphous 
and liquid states diminishes with lower Ge concentrations, making it 
difficult to identify the onset of melt in Si-rich alloys by TRR spectra 
alone. Consequentially, the ΔR plot appears to be a more robust tech-
nique for identifying key process window benchmarks for pulsed laser 
annealing of shallow amorphous layers. 

3.2. End-of-Range defect free liquid phase epitaxy 

It has previously been shown for pulsed laser melting of implant 
amorphized single crystal silicon, that perfect recovery of the lattice 
requires melting of the damaged crystalline layer at the a/c interface 
[17,20,35]. The same is expected to be true of epitaxial Si1-xGex on Si; 
however, pulsed laser melting of implant amorphized Si1-xGex on Si has 
the added complexity of lattice mismatch, which may lead to strain 
relieving defects in the form of misfit dislocations, stacking faults, and 
other extended defects upon solidification. 

As energy density is increased where temperatures approach and 
surpass the c-Si0.7Ge0.3 melting threshold, two competing processes 
occur that strongly influence the propagation of the liquid/solid inter-
face. The first is the rapid solidification of the highly undercooled melt, 
and the second is the continued energy absorption by the specimen from 

Fig. 3. TRR spectra for laser irradiated a-Si0.7Ge0.3 for increasing energy densities in the amorphous melting regime. Spectra are offset on the time axis to aid viewing 
a). Plot of change in reflectance between final and initial steady-state reflectance as a function of fluence, b). Cross-sectional TEM images illustrating the evolution of 
microstructure of implant amorphized Si0.7Ge0.3 subjected to single pulse anneals, from left to right, the as-implanted Si0.7Ge0.3 layer c), 247 mJ/cm2 pulse exhibiting 
sub-melt solid phase epitaxy d), 272 mJ/cm2 pulse exhibiting partial melt induced polycrystalline layer e), and 308 mJ/cm2 pulse exhibiting highly defective liquid 
phase epitaxy f). The insets feature the Fast Fourier Transforms (FFT) of the top layer to confirm the microstructure. 

Fig. 4. Plot of change in steady state reflectance as a function of energy density for the Si1-xGex films, (a). TRR spectra (offset on the time axis) corresponding to the 
single pulse threshold for liquid phase epitaxy for implant amorphized Si1-xGex, (b). The open symbols in figure (a) correspond to the spectra in (b). 
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the laser pulse. Fig. 5a shows TRR spectra where fluence is increased 
passed the threshold for liquid phase epitaxy. The shoulder that appears 
on the 370 mJ/cm2 spectra is the first indication that the isothermal melt 
stage has been reached, and while still highly undercooled, the tem-
perature of the molten Si0.7Ge0.3 has begun to spike. A simulation of this 
stage using the Laser Induced Melt Predictions (LIMP) software package 
is demonstrated with a 20 nm a-Si layer in Fig. 5b. Amorphous Si is used 
because the temperature dependent optical and thermal properties of a- 
Si1-xGex have yet to be reported in literature, while those of a-Si are well 
known. Although the thermal conductivity of c-Si1-xGex alloys is known 
to increase with Ge concentration, it is reasonable to expect melt dy-
namics in implant amorphized Si1-xGex to behave similar to amorphized 
Si. The time dependent melt depth and temperature profiles are shown, 
respectively, in the black and red traces, and the end of the laser pulse 
marked by the full width at half maximum is designated by τFWHM. A 
narrow process window exists where in the duration of the laser pulse, 
the temperature of the melt begins to spike while remaining below the 
1687 K crystalline melting point. This is enough to slow the solidifica-
tion velocity of the liquid/solid interface but not reverse direction. At 
higher energy densities, the crystalline solidification front propagates 
towards the surface until a sufficient amount of energy is absorbed to 
begin melting the newly solidified crystalline phase, as illustrated in 
Fig. 5c. This temperature and melt depth profile with a-Si is represen-
tative of the TRR spectra observed with the 469 mJ/cm2 pulse on a- 
Si0.7Ge0.3 in Fig. 5a, where the secondary melt front reaches the EOR 
region. In Si, this melt phenomenon is explained by the reduced melting 
temperature of the amorphous state relative to crystalline (200 ± 50 K), 
combined with an order of magnitude decrease in thermal conductivity 
[15]. This results in having to overcome the rapid quenching of under-
cooled liquid-Si when the melt front reaches the a/c interface, producing 
initial solidification velocities upwards of 8–10 m/s as heat is transferred 
more efficiently towards the substrate. 

The effect of increasing temperatures and melt depth as fluence is 
increased can be seen in the XTEM images of Si0.7Ge0.3 in Fig. 6. 
Resulting microstructures of a 420 mJ/cm2 and 469 mJ/cm2 pulse on 
Si0.7Ge0.3 are shown in Fig. 6a and 6b respectively. The insets display 
the FFT of the regrown layer to further illustrate the quality of lattice. A 
significant reduction in stacking faults seeding from the a/c interface 
and an elimination of twinning is seen in the 420 mJ/cm2 pulse 
compared to the 308 mJ pulse, Fig. 3f, which was right at the threshold 
for epitaxial regrowth, and a complete elimination of stacking faults is 
achieved with a 469 mJ/cm2 pulse. Due to the roughness of the a/c 
interface, the reduction of stacking faults and twins is caused by the 
secondary melt front reaching the shallow crystalline portions of the 
original a/c interface which had a variance of ~ 4 nm. Complete 
elimination of faults is only possible once the underlying crystalline 
Si0.7Ge0.3 of the original a/c interface has melted. Furthermore, no 
stacking faults or other extended defects were observed in the Si0.7Ge0.3 
film or in the underlying Si substrate signifying minimal relaxation 
occurred during the anneal. 

3.3. Melting to the Si1-xGex/Si interface 

The difference in melting temperatures of Si1-xGex alloys relative to 
Si defines the optimal process window for pulsed laser melting of Si1- 

xGex/Si heterostructures. For implant amorphized Si1-xGex thin films, 
this process window is set between the energy density that produces 
EOR defect-free liquid phase epitaxy and melting to the Si1-xGex/Si 
interface. Under the laser conditions used for this experiment, that en-
ergy density range fell between 469 and 728 mJ/cm2 for the 40 nm thick 
Si0.7Ge0.3/Si structures. TRR spectra for this regime are shown in Fig. 7. 
As fluence is increased and the melt front propagates past the EOR re-
gion in the Si0.7Ge0.3 film, the reflected intensity of the laser probe 
continues to rise until it reaches a saturation point with a 593 mJ/cm2 

pulse. A plateau in the time dependent position of the l/s interface 
traditionally occurs when the melt front reaches the interface of a ma-
terial with a higher melting temperature. However, the 593 mJ/cm2 

pulse only produced a maximum melt depth of 30 nm in the 42 nm 
Si0.7Ge0.3 film, which indicates that the observed plateau is due to the 
onset of loss in depth resolution of the probing laser [36]. With 
increasing energy density, this characteristic plateau in the TRR traces 
continues to be observed up to the full melting of the epi-layer with 
slight increases in maximum intensity as a result of increasing temper-
atures. Despite the spatial homogeneity of the pulsed laser, it is well 
understood that the l/s interface produced by pulsed laser melting does 
not propagate as a perfect 2-dimensional plane due, in part, to micro- 
variations in strain and composition, and in some cases, melt propaga-
tion through an alloy. The effects of l/s interface roughness can be seen 
in the resulting microstructures from the HR-TEM images shown in 
Fig. 8. The lateral variation in strain and/or z-contrast indicates that 
during solidification, progressive l/s interface roughening reaches a 
critical breakdown point where significant disorder is randomly incor-
porated into the lattice in localized clusters. Interestingly, the cluster 
formation was only observed in the Si0.7Ge0.3 thin films. Due to the 
thermodynamically driven segregation of Ge into the melt during so-
lidification, the l/s interface at the maximum melt depth can be directly 
observed. The microstructure produced by partial epi-layer melting with 
the 617 mJ/cm2 pulse in Fig. 8a. shows the onset of strain fields after a 
minimum of 15 nm of re-solidification from the maximum melt depth. 
The inset of Fig. 8a shows a higher magnification of the maximum l/s 
interface depth with a localized variance of ~ 1 nm, along with the 
atomically abrupt Si0.7Ge0.3/Si interface. Full melting of the Si0.7Ge0.3 
layer with the 728 mJ/cm2 pulse shown in Fig. 8b. shows the onset of 
strain fields after a minimum of ~ 25 nm of solidification. These lengths 
were observed to be consistent upon examination of the entire electron 
transparent portion of the lamellae. HAADF-STEM imaging and EDS 
were used to determine if the lateral variations in contrast of the HR- 
TEM images had a Z-contrast component. The annular detector used 
in HAADF-STEM mode is set in a position where the inner angle collects 
little to no electrons scattered via diffraction producing an image with 
minimal strain contrast. The image is formed using thermal diffuse 
scattered electrons which are sensitive to atomic number, and the bright 

Fig. 5. TRR spectra of laser irradiated a-Si0.7Ge0.3 
for increasing energy densities progressing from 
amorphous melting to crystalline melting, (a). 
Simulation of the time dependent melt depth and 
temperature profile of a 20 nm a-Si layer where 
temperatures induced by a single pulse approaches 
the c-Si melting temperature, (b), and where tem-
peratures surpass the c-Si melting temperature and 
the melt depth would reach the EOR crystalline re-
gion for implanted Si, (c). The process regime of (b) 
produces the TRR trace observed for the 370 mJ/ 
cm2 pulse in a-Si0.7Ge0.3. and the regime of (c) 
produces the TRR trace for the 469 mJ/cm2 pulse.   
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regions of the image correspond to elements of higher atomic number. 
The atomic resolution HAADF-STEM image of the 617 mJ/cm2 pulse in 
Fig. 9a shows that the clusters are in fact Ge rich. Two EDS scans, shown 
in Fig. 9b, taken through the middle and outside of a cluster quantita-
tively shows a significant degree of lateral germanium segregation 

occurred during solidification, resulting in a 9% difference in Ge con-
centration at the surface. A closer inspection of the lateral differences in 
microstructure near the surface is featured in the HR-TEM image of 
Fig. 10, where Fourier-filtered images using the primary reflections 
{200}, {220}, and {111} were used to view regions 1 and 2. Region 1 
corresponding to the Ge-poor lattice shows a defect-free matrix with 
clearly resolved atomic columns, and region 2 shows the disordered Ge- 
rich lattice. Because of the mixed nature of the sources of contrast among 
strain, defects, and Z-contrast, interpretation of the HR-TEM image in 
region 2 is difficult. However, (022) dark-field imaging under g,3g 
weak-beam conditions show that the defects at the surface are composed 
of either dislocation half-loops (DHL) or localized dislocation loop (DL) 
clusters. The formation of the DHLs and DL clusters are most likely 
strain-relieving in nature as a response to the lateral Ge segregation 
creating regions with higher lattice mismatch. 

The influence of alloy solidification on the l/s interface roughness is 
made clear by the case of melting to the Si substrate, Fig. 8b., where 
solidification begins with a perfectly planar l/s interface and micro-
structural variations are negated due to the homogenized liquid layer 
seeding from a high purity single component substrate. Molecular dy-
namics (MD) simulations of the explosive crystallization phenomenon in 
a-SiGe showed that l/s interface roughness develops in samples with Ge 
concentrations less than 20% [37]. Coupled with experimental evidence 
showing that l/s interface velocity decreases with increasing Ge con-
centration, the MD simulations showed that l/s interface roughening 
develops due to localized slowing of the l/s interface from the larger Ge 
atoms being incorporating into the lattice. Furthermore, it was found 
that the l/s interface planarity was recovered in samples with Ge 

Fig. 6. Cross-sectional TEM image of the amorphized Si0.7Ge0.3 film irradiated with a single 420 mJ/cm2 pulse producing temperatures at the threshold of crystalline 
melting, (a), and the 469 mJ/cm2 pulse where the melt propagated through the entire a/c interface, (b). 

Fig. 7. TRR spectra (offset on the time scale) of amorphized Si0.7Ge0.3 laser 
irradiated with increasing energy densities progressing from EOR defect-free 
liquid phase epitaxy to full melting of the Si0.7Ge0.3 layer. 

Fig. 8. Cross sectional TEM images of the partially melted Si0.7Ge0.3 layer produced with a 617 mJ/cm2 pulse, (a), and full melting of the layer with a 728 mJ/cm2 

pulse, (b). 
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concentrations greater than 20–25%. For the samples in this study, the 
EDS profiles in Fig. 9 shows that lateral deviation in Ge concentration 
begins at ~ 25%. This contrast with the MD studies may arise from the 
difference between pseudomorphic and polycrystalline solidification, in 
addition to a-SiGe melting versus c-SiGe melting, implying that l/s 
interface stability may be dependent on the degree of undercooling in 
the melt in addition to Ge concentration. Strain-relieving defect for-
mation is well studied in SiGe alloys; however, the lateral Ge segregation 
phenomenon during pulsed laser melt induced epitaxy has yet to be 
reported in literature. Luong et al in a study of LTP Arsenic-implanted 
Si0.64Ge0.36 using a 248 nm excimer laser with a 20 ns pulse reported 
similar clustering as this study; however, it was attributed to As clus-
tering based only on HR-TEM observation [27]. A series of microstruc-
tural studies by Dagault et al explored LTP of undoped Si0.8Ge0.2 layers 
without amorphizing implants and did not find clustering in the partial 
to full melting regimes despite reporting significant areas of l/s interface 
roughness at the maximum melt depth. EDS and SIMS profiles showed 
that Ge concentrations of ~ 25% were not reached until a few nm from 
the surface [38–40]. These findings along with this study seem to sug-
gest that for pseudomorphic liquid phase epitaxy, the onset of l/s 

interface instability begins at ~ 25% Ge. The results of this study can be 
summarized by Fig. 11 showing the defect evolution for Si0.7Ge0.3 as a 
function of melt depth. Further in-depth studies are needed to under-
stand the evolution of l/s interface roughness during pulsed laser 
melting of pseudomorphic SiGe layers and elucidate the dependence on 
Ge concentration, particularly how it leads to the unique coupling of 
defect clusters with lateral germanium segregation. 

Fig. 10. HR-TEM image of the 617 mJ/cm2 sample with Fourier-filtered images 
of the parent matrix in region 1 and the Ge-rich disordered lattice in region 2. 
(022) Weak-beam dark-field imaging shows the source of lattice disorder is 
from dislocation half-loops and dislocation loop clusters. 

Fig. 9. HAADF-STEM image of the partially melted Si0.7Ge0.3 layer from a 
single 617 mJ/cm2 pulse showing the boundary of a Ge rich cluster, (a), and the 
corresponding EDS line scans inside and outside of the cluster, (b). 
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4. Conclusions 

This has been a systematic study of the in situ TRR response and 
localized microstructural evolution for the pulse laser melting of implant 
amorphized Si1-xGex/Si thin films. By taking advantage of the variations 
in reflectance (λ = 658 nm) between the amorphous, polycrystalline, 
and single crystal phases of Si1-xGex for Ge concentrations ≤ 50%, the 
solidification regimes between solid phase and liquid phase epitaxy can 
be resolved as a function of energy density. Moreover, the TRR tech-
nique has strong depth resolution in thin (25 nm) liquid SiGe layers. This 
allowed for monitoring of the l/s interface position through the transi-
tion from amorphous melting and solidification, to crystalline melting 
that occurs in a single pulse at energy densities high enough to reach the 
crystalline SiGe melting temperature. Time dependent molten depth and 
temperature profiles of a-Si layers (20 nm) obtained by simulation help 
explain the TRR results. 

End-of-Range defect free liquid phase epitaxy was achieved when the 
melt front propagated past the damaged crystalline region at the a/c 
interface without forming any extended defects in the SiGe layer or 
underlying Si substrate. The ideal process window for pulsed laser 
melting of implant amorphized SiGe is between the energy density that 
produces EOR defect-free liquid phase epitaxy and melting to the Si1- 

xGex/Si interface. Progressive l/s interface roughening during solidifi-
cation leads to significant lateral germanium segregation coupled with 
dislocation half-loop and dislocation loop cluster formation in the Ge- 
rich regions after ~ 22 nm of liquid phase epitaxy in the Si0.7Ge0.3 
thin films. If solidification is limited to less than this distance, then 
defect free epitaxy is observed to occur. 
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