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Abstract  

We show that a newly developed high temperature, ultra-low rate oxidation process can 

produce fully strained, defect-free and perfectly flat Silicon Germanium (Si1-xGex) On Insulator 

films when x ≤ 0.33. For larger Ge concentrations (x = 0.5), we evidence a new mechanism of 

elastic strain relaxation taking place through the undulation of the Si1-xGex layer without 

nucleation of dislocations. In these experimental conditions (ultra-low rate oxidation at 

1000°C), strain relaxation proceeds through the slow diffusion and motion of matter at the Si1-

xGex/SiO2 interface and not through dislocation nucleation.  The mechanism results in the 

morphological evolution and local swelling of the SiGe embedded layer, facilitated by the 

viscous flow of SiO2. At these temperatures, the Si1-xGex film expands in the viscous SiO2 to 

minimize the strain energy. Geometric Phase Analysis of High Resolution Transmission 

Electron Microscopy cross-section images confirms that the lateral expansion leads to the 

relaxation of the strain accumulated during condensation of Ge. We suggest that this 

phenomenon could be at the origin of the buckling mechanism already reported in the 

literature.This study demonstrates that SiO2 can serve as an efficient compliant substrate for 

strain engineering of defect-free Ge rich Si1-xGex thin films. This new generic relaxation 

process based on SiO2 matrix viscoelasticity could be applied to many other systems beyond 

Si1-xGex films. The high-quality defect-free Ge rich SGOI films fabricated here can act as good 

template for the heterogeneous integration of various 2D or 3D materials on Si substrate. 

 

Introduction 

Germanium (Ge) and silicon-germanium (Si1-xGex) thin film research is a subject of 

considerable interest in microelectronics since the 90’s, due to the high mobility of electrons 

and holes in thin films based on Ge compared to silicon (Si) [1-6]. In addition, the increase of 

the carriers mobility (both electrons and holes) by strain engineering which modifies the band 

structure [7-9], has been reported to significantly improve the performance of microelectronics 

devices [10]. Ge-based thin films were then rapidly, considered as indispensable for the 

production of high-performance metal-oxide-semiconductor field-effect transistors (MOSFETs) 

for microelectronics technology [11-16] and for low loss waveguides for Mid-infrared Silicon 
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photonics [17-19]. Research on Si1-xGex has reappeared as a topic of interest with the 

development of Fully Depleted Silicon On Insulator (FD-SOI) technology [20] where 

compressively strained Si1-xGex channels (or tensilely strained Si channels on relaxed Si1-xGex) 

have been engineered to increase the level of stress to benefit pMOS and nMOS transistors [13, 

21-23]. The ability to fabricate fully strained SOI and Si1-xGex on insulator (SGOI) layers offers 

various advantages for producing mixed substrates in which the n-channels consist of a thin 

SOI layer, while the p-channels consist of thin SGOI layer [24,25]. More precisely, for 

advanced CMOS technologies, one promising way is to cointegrate a Si channel tensilely 

strained in nMOS transistors and a compressively strained Si1-xGex channel for pMOS 

transistors. This cointegration allows simultaneous improvement of electron and hole mobility 

compared to unstrained materials. The strain integration along the specific <110> directions on 

(100)Si  provides the best gain in mobility for the two transistors [26]. Moreover, Ge rich Si1-

xGex films that can be integrated in waveguide/device combination fulfill both transparency of 

the Si waveguide and strong light-matter interaction in a large wavelength regime. They have 

been presented recently as booster of the Si photonics [27]. SGOI layer is obtained by thermal 

oxidation of a Si1-xGex /SOI heteroepitaxy system [28,29] resulting into a top silicon oxide 

layer (SiO2) and a Ge-rich layer underneath [23,30]. During this process, called Ge 

condensation, Si oxidizes preferentially while Ge atoms are pushed at the SiO2/ Si1-xGex 

interface resulting in a thin Ge-rich Si1-xGex layer at this interface. After condensation, the Si1-

xGex / Si layers are embedded between the two SiO2 barriers, since the growing SiO2 layer on 

top and the buried oxide (BOX) layer act as barriers against Si and Ge diffusion [31]. Different 

processes have been developed to produce homogeneous Si1-xGex layer starting from Si1-xGex 

/SOI heterojunctions. They commonly imply first an oxidation which produces Ge pile-up at 

the oxidation front and second an annealing to homogenize the resulting Si1-xGex layer [32]. 

The layer obtained is commonly under biaxial compressive strain [33,34]. Sugiyama et al. [35] 

have found that at high-temperature oxidation (1200°C), a flat Ge profile SGOI layer with low 

density of dislocations can be obtained, due to the diffusion of Ge which overcomes the 

accumulation of Ge atoms at the interface. They claim that for a “Separation by Implantation of 

Oxygen” (SIMOX) SOI, a high oxidation temperature promotes a fully relaxed SGOI layer 

with high Ge content (28%) and without dislocation. Moreover, Tezuka et al. [36] show that for 

an oxidation temperature of 1050°C, the Ge profiles along the SGOI layer are quite uniform 

and the layers are almost completely relaxed. However, the process does not remove the 

threading dislocations in the SGOI layers and it can be applied only to very thin layers (the 

effect of the SIMOX process for the fabrication of SOI is not addressed in this work).  

Furthermore, Anthony et al. [37] have shown that for a mixed process involving both Ge 

implantation and condensation techniques and based on Ge-implanted SOI, the Si1-xGex layer is 

relatively uniform and defect free, with a significant compressive strain that evolves with 

temperature. They report a significant compressive strain of about 1% at 900°C while at 

1000°C, this compressive strain is reduced to 0.7% due to the intermixing between the Si with 

the Si1-xGex layer and the Si1-xGex layer is completely relaxed at 1080 °C. A recently developed 

process based on condensation/annealing steps has created tensilely strained Si layers 

epitaxially grown on relaxed SGOI with −0.85% tensile strain in the out-of-plane direction for 

multifinger 2.5 V n-type MOSFET on SOI for RF-switch applications [38]. In parallel, it was 

reported that during high temperature treatment, the SiO2 film becomes viscous and the strained 

thin film on this viscous oxide is morphologically unstable. In this case, the relaxation of the 

film can occur due to the viscous flow of the Si1-xGex film in the underlying oxide layer [39-

45]. In these conditions, the relaxation mechanism to relieve stress results from the buckling of 
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the film. Relaxation of strained Si1-xGex films by buckling on viscous oxide has been observed 

during long-time annealing at high temperatures [39-45].  

In this work, we show that a newly developed oxidation process of Silicon Germanium on 

Silicon On Insulator (SGOI) that consists of high temperature ultra-low rate oxidation can 

produce Ge rich Si1-xGex layers, totally free of dislocation. Depending on the Ge concentration 

in the Ge rich layer obtained after oxidation, the SGOI films are either fully strained or partially 

and locally relaxed. . In a first series of experiments we determine the optimalexperimental 

parameters that are used in the rest of the study, for the fabrication of continuous dislocation-

free Si1-xGex layer.  The central part of the study is dedicated to the investigation of strain in the 

Si1-xGex films after the ultra-low rate oxidation. The samples are characterized by SEM, AFM, 

Raman spectroscopy and TEM cross-section observations. The results show that when x ≤ 0.33 

after oxidation, the film remains fully strained and flat, while for x=0.5, undulations and 

swelling of the Si1-xGex film accompanied by the correlated redistribution of matter (both Si1-

xGex and SiO2) are observed locally. In this case, the GPA results demonstrate that these local 

protrusions of the Si1-xGex film inside SiO2 are systematically accompanied by a strong elastic 

relaxation of the film in the undulated areas, while the overal layer is still fully strained. We 

suggest that this phenomenon represents the first stage of elastic relaxation possibly leading to 

the buckling of the film in a subsequent relaxation step. The results show that the optimized 

oxidation process developed here could provide Ge rich Si1-xGex layers totally free of extended 

defects, either fully strained with homogeneous thickness for x ≤ 0.33 or locally elastically 

relaxed with small thickness inhomogeneities and small undulations for x = 0.5. 

 

Experiments.  

In this work, we use 300mm SOI wafers with Si nominal thickness of 11nm on 20nm buried 

oxide (BOX). The substrates are first thinned by thermal oxidation at 860°C followed by HF 

etching in order to get SOI thickness about 8nm. Prior to epitaxy, in-situ cleaning by Siconi is 

performed to ensure a SOI surface without SiO2 residual. Si1-xGex epitaxial layers were grown 

at 630°C, 10 Torr on the top of SOI with the system H2/HCl/DCS (Dichlorosilane 

SiH2Cl2)/GeH4 by low pressure chemical vapor deposition (LPCVD) tool. The investigated 

structures were fabricated at STMicroelectronics under standard conditions in a state-of-the-art 

300mm technology semiconductor facility using SOI wafer. After epitaxy, dry furnace 

oxidation is performed between 750 and 1000°C. Those temperatures allow the fabrication of 

SGOI substrates with a large Ge concentration range, as they are lower than the Si1-xGex 

melting temperature during Ge enrichment. A newly developed process of oxidation at very 

low oxygen partial pressure [46] was used. The very low oxygen partial pressure is obtained by 

dilution in nitrogen at 690Torr. A N2/O2 flux ratio of 30 is fixed during oxidation at the 

constant temperature. A few nm thermal oxide is grown during the heating ramp (even with the 

minimal flux of oxygen used). This layer further passivates the SGOI preventing its dewetting 

during oxidation at the constant temperature.  

The effect of the oxidation conditions (temperature and time) on the morphological and 

structural evolution of the samples, is assessed by scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) observations to bring out extended defects. Extended defects 

include both dislocation (dislocation loops, misfit dislocations and threading dislocations), 

stacking faults (commonly induced by impurities or inappropriate growth conditions) and pits 
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(induced by contaminants). We commonly look for cross-hatch patterns which result from the 

presence of threading and misfit dislocations. Micro Raman spectroscopy was performed 

systematically to check the structural quality and the strain of the epitaxial layer. Transmission 

electron microscopy (TEM) observations were performed on cross-section samples prepared 

using a FEI Helios 600 Dual Beam Ga

 focused ion beam (FIB). High-resolution transmission 

electron microscopy (HR-TEM) observations were performed using a FEI Titan 80-300 Cs 

corrected microscope, operated at 200 keV. Geometric Phase Analyses (GPA) were performed 

on HR-TEM images, using Digital micrograph software. They give a local quantitative 

determination of the strain in the Si1-xGex layers.  

 

Results and discussion 

The oxidation/condensation mechanism has been already explained in detail elsewhere [47, 

48]. At low temperatures (<850°C), the selective oxidation of Si atoms produces a Ge rich layer 

(GRL) with a Ge content of 50%. This concentration remains constant to 50% throughout the 

condensation process until the complete consumption of all the SOI layer. This 50% 

concentration is obtained whatever the initial Ge content and the strain level of the Si1-xGex 

nominal layer are (the same 50% concentration was found for initial Ge fraction varying from 

10 to 30% and for strained and relaxed systems) [48]. When all the silicon is oxidized, the 

composition of the GRL increases up to pure Ge. During the condensation two main issues 

should be prevented: the nucleation of misfit dislocations and the solid state dewetting. Both 

dewetting and nucleation of dislocations are promoted by an increase of the Ge content which 

increases both the epitaxial strain and the diffusion at the SiO2/ Si1-xGex interface (at the origin 

of dewetting) [49-51]. Thereby, to determine the condensation conditions to get Si1-xGex layers 

free of defect and homogeneous in thickness and composition, we first checked the onset of 

these mechanisms for different oxidation temperatures and times. 

The optimal parameters for oxidation/annealing of Si0.7Ge0.3/SOI sample were determined in a 

first series of samples. The starting system consists of 26nm thick Si0.7Ge0.3 on SOI, which is 

then oxidized at low temperature (750°C) and annealed at higher temperature to homogenize 

the Ge composition (60min at ~900°C). Figure 1a gives the parameters of the starting system 

and the evolution expected after 90min and 210min oxidation followed by annealing (Figures 

1b and 1c). The SEM images of the samples after oxidation and annealing are given in Figure 

1d and 1e. They both evidence the presence of cross-hatch patterns representative of threading 

dislocations associated to misfit dislocations. 
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Figure 1: Schemas of the system (a) before and (b) and (c) after 90min and 210min oxidation 

at 750°C respectively. The two samples have been annealed (60min at 900°C) to 

homogenize the Ge composition. (d) and (e): SEM plane view of samples (b) and (c), 

respectively. Threading dislocations nets are visible on both surfaces. 

 

As one might expect, the density of dislocations increases with the oxidation time (resulting 

from an increase of the Ge concentration from 33 to about 50%). Experiments with only 

oxidation (and no annealing) of similar Si0.7Ge0.3/SOI samples were carried out in the same 

experimental conditions. They evidenced an identical density of dislocations, highlighting the 

oxidation step (condensation of Ge) as the origin of the nucleation of dislocations. All these 

samples with dislocations are of course unsuitable for device applications. New experiments 

were then carried out with a lower thickness (20nm instead of 26nm) of Si0.7Ge0.3/SOI sample. 

After oxidation at 750°C for 210min and homogenization treatment at 900°C for 60min 

(similar conditions to those used for the previous experiments with 26nm Si0.7Ge0.3/SOI) , the 

SEM images evidenced the absence of dislocations (not shown here). However, TEM cross-

section observations highlight an inhomogeneous distribution of the Ge throughout the layer 

well evidenced by an increasing absorption contrast of electrons from bottom to top in the SiGe 

layer (Figure 2a). Note that this inhomogeneity was also observed for the 26nm sample. To 

better homogenize this composition, an increase of the oxidation temperature (to 1000°C) was 

tested. It induces solid state dewetting even during the heating ramp of the process, as revealed 

on Figure 2b. It can be concluded from this series of experiments that for an initial 

Si0.7Ge0.3/SOI layer, it was not possible to get flat layer free of dislocation and with high Ge 

concentration. Either the composition is inhomogeneous (low temperature annealing), or the 

film dewets (higher annealing temperature, low initial thickness) or it is dislocated (higher 

initial thickness).  
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Figure 2: (a) TEM image of 20nm Si0.7Ge0.3 after oxidation and annealing; (b) SEM image of 

the dewetting process during the heating ramp of the sample. 

 

These first results provide useful information on the optimal conditions to apply for the 

condensation process: the initial Si0.7Ge0.3 thickness should be ≤ 20nm (in order to decrease 

dislocation density); the annealing temperature should be larger than 750°C and the duration 

should be extended above 210 min (in order to homogenize the composition). A recently 

developed process (with a single step including low-rate oxidation and annealing) fulfils these 

requirements. In these conditions, an oxidation temperature around 1000°C was chosen. To 

prevent solid state dewetting of the Si0.7Ge0.3 layer during the sample heating, a very thin (2nm) 

chemical SiO2, was grown by a HF-SC1 standard clean performed after epitaxy, before the 

oxidation step [46]. After the SiO2 capping, the recently developed process based on dry 

thermal oxidation at 1000°C with ultra-small oxygen flux is carried out, for various oxidation 

times, allowing the fabrication of SGOI substrates with different concentrations of Ge.  

In the rest of the study, we focus on the comparison of three samples: the initial sample which 

is composed of a 2nm SiO2 chemical oxide on top of 15nm thick Si0.7Ge0.3 layer in epitaxy on 

SOI (Sample A); the two samples obtained after 120min and 300min oxidation (called Samples 

B and C respectively). The two latter samples are composed of Si1-xGex layers (with ~14nm 

Si0.67Ge0.33 layer and ~9nm Si0.50Ge0.50 layer for samples B and C respectively) embedded 

between two SiO2 layers. The newly developed condensation process is performed at very low 

oxygen partial pressure which produces an extremely slow oxidation rate, allowing both 

oxidation and annealing to be carried out in a single step [46]. A schematic representation of 

the three structures is given in Figure 3. 

 
Figure 3: Schematic representation of the three structures: (a) Sample A is the initial sample 

composed of a 15nm thick Si0.7Ge0.3 layer on a 8 nm thick Si layer itself on the top of a 
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20nm thick SiO2 (BOX). Samples B and C correspond to sample A after 120min and 

300min oxidation respectively. (b) Sample B consists of a 14nm thick Si0.67Ge0.33 layer 

capped with a 20nm thick SiO2 layer; (c) Sample C consists of a 9nm thick Si0.5Ge0.5 layer 

capped with a 30nm thick SiO2 layer. 

 

Before surface observations, the SiO2 top layer of samples B and C were removed using HF 

etching. SEM images did not evidence any dislocation even on large scale and only the 

instrumental noise is visible. AFM images of samples B and C were then recorded to focus on 

the surface roughness (Figure 4). The surfaces of the two samples are continuous and flat (with 

RMS values around 0.15nm, in the range of the AFM signal noise in air) without visible 

features or extended defects, demonstrating the absence of dewetting and of nucleation of 

dislocations. The films are then expected to be fully strained [52]. 

 
Figure 4: AFM images in air of (a) sample B (120min oxidation) and (b) sample C (300min 

oxidation) respectively. 

 

To get quantitative information on the strain, micro Raman spectroscopy was carried out on the 

three samples. Figure 5 shows the evolution of the Raman vibration modes, with the oxidation 

time. The spectra are characterized by three optical vibration modes in addition to the Si 

substrate peak (~520    ): Ge-Ge (~300    ), Si-Ge (~420    ) and Si-Si (~500    ) 

modes, whose intensities are proportional to the pSi-Si, pSi-Ge and pGe-Ge probabilities. The 

frequencies and line widths of these three modes (Si-Si, Si-Ge and Ge-Ge) vary with Ge 

concentration and strain. The frequency of the Si-Si and Ge-Ge modes decrease, as compared 

to the frequency of pure constituents (Si and Ge respectively). This is caused by the change of 

the bond lengths and to mass disorder. In addition, for Si1-xGex alloys, one can observe the 

broadening and asymmetry of the peaks, that are commonly ascribed to the confining effects of 

phonons induced by the increasing disorder (compared to pure Si or Ge). Another reason for 

the broadening may come from the non-uniform Ge distribution in the Si1-xGex film (this point 

will be discussed below). For Si1-xGex alloys, the two effects of mass disorder and bond length, 

tend to cancel each other and the evolution of the Si-Ge and Ge-Ge frequencies with strain is 

then lower than the evolution of the Si-Si (~500    ) mode. 

Moreover, since this frequency is sensitive to both composition and strain of the alloy, the 

composition should be first determined to evaluate the strain independently of the composition. 
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In this study, the Si1-xGex compositions were estimated from ToF-SIMS measurements not 

shown here. Therefore, the exact strain   value of the Si1-xGex films could be determined by 

measuring the peak position of the Si-Si mode, according to the following empirical 

relationship [53]:  

                                                                                                                              

where the coefficient     is a phenomenological parameter that depends on the elastic constant 

of the Si and being previously determined by Pezzoli et al [50] at         . From the 

measured peaks positions and the Ge concentrations, we were able to deduce the value of the 

strain in the three Si1-xGex layers. At this scale (a few tens of µm
2
), there are significant 

compressive strains in the three samples with 1.81%, 1.92% and 2.78% measured in the 

samples A (Si0.7Ge0.3), B (Si0.67Ge0.33) and C (Si0.5Ge0.5) respectively. These values are 

consistent with the values deduced from elastic theory of fully strained Si1-xGex layers with 

x=0.3, 0.33 and 0.5 Ge concentrations respectively [55]. They also confirm the absence of 

plastic relaxation in agreement with AFM observations. 

 

 
Figure 5: Evolution of the Raman spectra of the three Si1-xGex layers as a function of the 

oxidation time: Sample A (black line), Sample B (red line) and sample C (blue line). The 

insert corresponds to a zoom (×100) of the Si1-xGex mode in sample A. 

In order to get more local information, strain was quantified locally using GPA on HRTEM 

images [56]. Cross-section low magnification TEM images of the three samples A, B and C 

are given in Figures 6. For the three samples, a continuous layer is observed, even if the 

thickness becomes inhomogeneous for sample C (Figure 6d). The images also confirm the 

absence of dislocations in the three Si1-xGex films (Figure 6a, 6b and 6c) even if a rotation of 

the crystallographic planes is observed in sample C (Figure 6e). 
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Figure 6: TEM cross-section images (along the [110] crystallographic axis) of the samples A 

(initial structure) (a), B (oxidized during 120min) (b) and C (oxidized during 300min) (c) 

where the stacking layers are well visible: Si substrate/20nm BOX/8nm SOI/ Si1-xGex layer 

and top SiO2 layer for samples B and C. HRTEM of sample C: (d) arrows indicate the 

protrusions; (e) small rotation of the crystallographic planes 

Figure 7 and 8 give typical GPA strain analyses of the samples A and C respectively together 

with the corresponding HRTEM images (Figure 7a and 8a). The results for sample B are 

given in supplementary material S1. The strain profiles are integrated on the images along the 

in-plane     (Figures 7d and 8d) and the out-of-plane directions     (Figures 7e and 8e). 

Integration of the deformation along the in-plane x axis (direction parallel to the sample 

surface) and out-of-plane y axis (perpendicular to the sample surface) are also plotted at the 

bottom of the figures. The reference chosen for the GPA analyses is the silicon substrate. We 

can notice that the GPA profiles of the Si substrate are flat and roughly equal to zero along the 

cross-section of the three samples (supplementary material S2). About ten GPA 

measurements were performed on each sample to get a true average of the strain. 
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Figure 7: HRTEM cross-sectional image of sample A (a) and GPA of the corresponding 

image along the x axis     (b) and y axis     (c). (d) and (e) images correspond to the lines 

profiles of SiGe layer along the x and y axis from GPA images (b) and (c) respectively. 

For sample A, there is no variation of the deformation in the x direction, between the silicon 

substrate, the SOI and the Si0.7Ge0.3 layer. This is clearly highlighted by the color code, 

representative of the deformation, which is the same for the three components: silicon 

substrate, SOI and Si0.7Ge0.3 layer (Figure 7b). These observations indicate that in this 

direction, the Si0.7Ge0.3 layer has the same lattice parameter than bulk Si, without any 

deformation. In the perpendicular direction, the situation is quite different and the 

deformation along the out-of-plane y axis in the sample A is well revealed by the different 

color code of the integrated strain between silicon substrate and Si0.7Ge0.3 layer (Figure 7c). 

One can notice a large increase of about 2% of the lattice parameter of the Si0.7Ge0.3 layer as 

compared to the one of Si in this direction (Figure 7e) which corresponds to the tetragonal 

distortion of the lattice parameter along the y axis, due to the Poisson’s ratio (following 

Hooke’s law). The tetragonal distortion measured all along the sample is homogeneous. 

A similar situation is observed for sample B (for details see supplementary material S1): no 

strain is measured along x and about 2% tetragonal distortion along y. The strain is also 

homogeneous along the sample surface. One can remark that it is not possible to differentiate 

the strain between Si0.7Ge0.3 and Si0.67Ge0.33 due to the precision in the range of 0,1% of the 

GPA measurements. 
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Figure 8: HRTEM cross-sectional image of sample C (a) and GPA of the corresponding 

image along the x axis     (b) and y axis     (c). (d) and (e) images correspond to the lines 

profiles of SiGe layer along the x and y axis from GPA images (b) and (c) respectively. 

A clearly different situation occurs for sample C. While in the x direction the Si0.50Ge0.50 

lattice parameter seems constant along the interface and almost the same as the substrate 

(Figure 8b, 8d), in the perpendicular direction y, the strain is clearly inhomogeneous, as can 

be seen on both the GPA color code image and the lattice parameter integrated profile (Figure 

8c and 8e). The perpendicular strain measured is about 4% in various places (which 

corresponds well to the tetragonal distortion expected for Si0.50Ge0.50), but it can abruptly 

decrease to around 1% in specific areas. This strain relaxation is accompanied by small 

protrusions and rotation of the crystallographic planes. The HRTEM images recorded on these 

areas did not reveal any visible extended defect, even if the corrugation causes a rotation of 

the crystallographic planes and their local disappearance (Figure 6d). Such rotation hampers 

the quantitative measurement of strain (in particular    )  in these areas which would have 

required GPA on large integration windows. Nevertheless, much lower integration windows 

were used and GPA evidence abrupt changes of     which are representative of the strain 

relaxation in these areas. 

In summary, both the Raman and GPA results evidence homogeneous, continuous and fully 

strained Si1-xGex layers for x=0.3 and x=0.33. The strain measured is in good agreement with 

the expected tetragonal distortion commonly observed in epitaxial layers. After longer 

condensation, for Si0.50Ge0.50, the situation becomes very different with the onset of strong 

strain inhomogeneities that can be seen locally. These strain inhomogeneities are 

accompanied by the undulation and the local thickening (swelling) of the layer, which 

remains free of extended defect since no defect could be visualized on SEM, AFM and 

HRTEM cross-section images. The GPA results are in good agreement with the Raman data 

(Table 1) for samples A and B and both evidence fulky strained layers. For sample C, the 

situation is more complex since the layer has an inhomogeneous distribution of strain which is 
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not clearly identified on the Raman spectra.  Raman spectra that are averaged over large areas 

(some µm
2
), show that the layer is overall strained. However, when looking in more detail to 

the strain by GPA, it can be seen that the layer is partly relaxed in several positions. This 

partial relaxation is accompanied by the undulation of the layer, the rotation of its 

crystallographic planes and its swelling and thickening.  

Table 1 : Out-of-plane strain values estimated from Raman spectroscopy and GPA analysis of 

the three SiGe layers : Si0.7Ge0.3 (sample A), Si0.67Ge0.33 (sample B) and Si0.50Ge0.50 (sample 

C). 

Samples Strain values from Raman 

spectroscopy (%) 

Out-of-plane strain values 

from GPA analysis (%) 

A (Si0.70Ge0.30) 1.81 1.90   0.1 

B (Si0.67Ge0.33) 1.92 2.02   0.05 

C (Si0.50Ge0.50) 2.78 from 1 to 4 with a large 

uncertainty 

   

 

This local relaxation is a very new mechanism which is based on an easy diffusion and 

redistribution of Si0.50Ge0.50 matter along the Si0.50Ge0.50/SiO2 interface accompanied by the 

undulation (or corrugation) of the layer. Such mechanism would correspond to the relaxation 

of a free membrane without any interaction with the surrounding matrix, which was not a 

priori the situation of Si0.50Ge0.50 in SiO2 matrix. 

All the data suggest that this phenomenon can be regarded as the first signs of elastic 

relaxation at the origin of the buckling mechanism, already reported during high temperature 

annealing of compressively strained Si1-xGex films on a viscous substrate [39, 41, 44, 45]. 

This mechanism has been commonly related to the low viscosity of the surrounding oxide, 

which in our conditions, has a glass transition temperature around 965°C. At this temperature, 

the thermal oxide starts to flow with a temperature-dependent dynamics [57, 58] described by 

an Arrhenius behavior (equivalent to viscous glass dynamics). When a strained Si1-xGex layer 

is attached to this viscous SiO2 layer, it can relax part of its strain by generating wavy 

morphologies (or ripples). We suggest that the thickening and undulations/ rotation of the 

crystallographic planes observed in figure 8a for the sample C oxidized at 1000°C during 

300min could be considered as the onset of the morphological evolution of the SiGe film, 

possibly leading in subsequent step to the layer buckling (see supplementary material S3).  In 

our experimental conditions, the strain relaxation takes place throughthe redistribution of Si1-

xGex in SiO2 which is facilitated by the viscous flow of the oxide layer [59]. While techniques 

exist to reach elastic strain relaxation on small selected areas [60], being able to achieve th is 

relaxation on a substrate with macroscopic lateral dimensions would be unvaluable.  

Experiments are under progress to quantitatively determine the strain evolution and 

distribution in the layer, overall by XRD and locally by GPA, during the morphological 

evolution of the layer (undulation / buckling phenomenon). An extensive study of the 

buckling mechanism will be presented elsewhere. 

 

Conclusion 
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We have shown that the newly developed dry-oxidation process with ultra-low oxygen partial 

pressure can produce continuous, dislocation free and highly strained Ge rich Si1-xGex layers 

as testified by Raman analyses and AFM and TEM observations. Local quantitative 

measurements of strain by HRTEM and GPA evidence a new relaxation mechanism based on 

an easy redistribution of Si1-xGex in the surrounding SiO2 layer. This mechanism which occurs 

during the high temperature oxidation (1000°C) of Si0.7Ge0.3 film for 300min, is the result of 

the viscous flow of SiO2 at this temperature, which is higher than its glass transition 

temperature. The relaxation is accompanied by a local swelling and an undulation of the Si1-

xGex layer well visible on TEM cross-section images. The control of the buckling amplitude 

and location has not been investigated so far, but it clearly marks a new way forward to 

expand the use of Ge rich layer well over the standard critical thickness of relaxation and to 

develop new device applications employing the buckled and relaxed state of Ge rich Si1-xGex 

layers based on the dynamic flow of SiO2. The generic mechanism described here could be 

extended to many other strained films on viscous substrates. 
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Figure S1: HRTEM cross-sectional image of sample B (a) and GPA of the corresponding 

image along the x axis (b) and y axis (c). (d) and (e) images correspond to the lines profiles 
of SiGe layer along the x and y axis from GPA images (b) and (c) respectively. 

 

 

 
Figure S2: (a), (b) and (c) correspond to the lines profiles of silicon substrate of sample A, 

B and C along the x axis respectively. (d), (e) and (f) correspond to the lines profiles of 
silicon substrate of sample A, B and C along the y axis respectively.
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Figure S3: TEM cross-section image of a Si0.50Ge0.50 sample where the buckling of the layer 
is clearly visible. 
 


