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Abstract – We have used both convergent beam electron 
diffraction (CBED) and high-resolution X-ray diffractometry 
(HRXRD) to investigate the influence of different graded 
layer thicknesses on the overall and interfacial strain 
phenomena in the SiGe/Si heterostructures. Broadening of 
the higher order Laue zone (HOLZ) reflections is often 
observed at the interface, and contains information relating 
to the lattice behaviour. These results, when considered and 
correlated with the plots from HRXRD, allow us to predict 
the optimized relaxation mechanisms taking place at the 
interfacial regions. 
 
1.   Introduction 
Several methods such as X-ray diffraction, wafer curvature 
and micro-Raman spectroscopy have been widely used to 
explore the strain phenomena in heteroepitaxial systems. 
These techniques are useful for measuring the global strain 
state, providing averaged information and quick inspection 
of the strain behaviour. Nevertheless, the limitation to these 
tools is the difficulty in obtaining an insight into the 
localized strain behaviour such as information near the 
interfacial regions, from which evolve the nature of strain 
relaxation mechanisms. In contrast, a transmission electron 
microscopy (TEM) technique called CBED with a 
nanometer sized probe can reveal structural imperfections 
such as built-in strain gradients at the lattice-mismatched 
interface.[1] This method is often used to measure local 
variations of lattice parameters in crystals, thus allows us to 
determine the localized strain field. However, the problem 
with this technique also lies in its great sensitivity to the 
localized lattice distortion. Often, at interfacial regions, the 
CBED patterns become too fuzzy and complicated to be 
analyzed or the HOLZ lines are split within the diffraction 
disc. Explanations proposed for the observations are based 
on the bending of the lattice planes at the interface[2], 
presence of defects[3] or the surface relaxation of the TEM 
specimen after thinning[4]. Despite these, qualitative 
explanations for the experimental details pertaining to the 
relaxation phenomena of the strained heterostructures are 
still possible to some extent. 
 
In this work, we have used the above-mentioned strain 
analytical approaches, HRXRD[5] and CBED, to examine 
the overall strain state or the interfacial strain behaviour in 
SiGe/Si heterostructures. The analysis would be focused 
mainly at the interfacial regions, investigating the influence 
of different graded layer thicknesses on the lattice 
deformations located at their vicinity. 

 
2.   Experimental 
The study was carried out on two strained 
Si/Si1-xGex/Si1-yGey/substrate heterostructures deposited on 
Si(001) substrates by low-pressure chemical vapour 
deposition (LPCVD) using SiH4 and GeH4 as sources. The x 
value for the Ge content in the relaxed buffer region is kept 
at 14 %, and the y value for the Ge composition in the 
graded layer decreases linearly from 32 % at the substrate to 
0 % at the buffer region. The only variation in these two 
samples is the thickness of the graded layer, about 50 or 100 
nm. A schematic diagram for the layout of the different SiGe 
layered structures is shown in Fig. 1. The values for the 
thickness were measured from the contrast difference 
between the bottom-most relaxed buffer region and topmost 
graded layer to the substrate. G1 and G2 refer to the thin and 
thick graded layers respectively. 
 
To determine the macroscopic strain relaxation of the SiGe 
layers grown on the Si (001) substrate, conventional Omega-
2Theta (ω-2θ) scans were carried out using high a resolution 
X-ray diffractometer. Symmetric (004) and asymmetric 
(224) scans of the Si substrate and the SiGe layer were 
recorded to check the in-plane and out-of-plane strain-
relaxation respectively. CBED patterns were captured using 
a Tecnai F20 transmission electron microscope (TEM) 
equipped with a field-emission gun (FEG) and a Gatan 
imaging filter (GIF) at the <230> zone axis. The CBED 
analysis was performed at 200 kV and the patterns were 
acquired using scanning TEM (STEM) mode. For better 
control of the thickness of the specimen, preparation of the 
TEM specimens was first carried out by polishing to ~30 µm 
using wet diamond-embedded paper with grit sizes ranging 
from 30 µm to 0.1 µm, followed by further thinning using 
focused ion beam (FIB) to 0.25 µm. The specimens were 
subjected to plasma-cleaning to remove the impurities before 

 
 

Fig. 1: Schematic layout of the SiGe layered structures, 
with t=~50 nm (sample G1) or ~100 nm (sample G2). 
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loading into the microscope. 
 
3.   Results and discussion 
Figs. 2(a) and 2(b) show low-magnification bright-field 
TEM images of G1 and G2 respectively, taken on the 0.25 
µm thick specimens, as further thinning of specimens can 
lead to relaxation of the dislocations and make the presence 
of the defects less observable. As seen from the images, 
there are virtually no threading dislocations in the relaxed 
SiGe region for the two samples. The majority of the 
dislocations accumulate at the boundary between the graded 
layer and the Si substrate. These dislocations are observed to 
be long, distinctive and form a network. On the other hand, 
shorter segments of threading dislocations are also found to 
exist within the graded area and aligned along the interface 
between the graded layer and relaxed buffer area as observed 
from the high-magnification TEM micrograph in Fig. 3 
taken from the ~0.15 µm thick G2 specimen. The pile-up of 
dislocations along the interfaces is induced by the large 

lattice mismatch between the adjacent layers at the interface. 
The largest lattice mismatch is between the substrate and the 
bottom-most graded layer and hence leads to preferential 
generation of the misfit dislocations at this boundary. 
Furthermore, the ramping down of the GeH4 flow during 
growth of the graded layer to 0 sccm before the growth of 
the relaxed buffer area may help to further confine the 
dislocations within the graded region. Thick epilayers (~1.3 
µm) of SiGe buffer region with uniform Ge composition 
were deposited on top of the graded layer to allow for full 

 
 

 
 

Fig. 2: Low-magnification bright-field TEM micrographs 
of (a) sample G1 and (b) sampleG2. The misfit 

dislocations accumulate at the boundary between the 
substrate and the graded layer, hence help to minimize 

the dislocation density in the relaxed SiGe layer. 
 

(a) 

(b) 

 
 

Fig. 3: High-magnification bright-field TEM 
micrograph of sample G2. 
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Fig. 4: (a) (004) and (b) (224) HRXRD rocking curves 

for G1 and G2.  
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relaxation of the buffer region and maintain the metastability 
of the strained configuration of the graded layer. The 
residual strain states of the films were first studied by high-
resolution XRD. 
 
The (004) and (224) ω-2θ scans are plotted in Figs. 4(a) and 
4(b) respectively, from which the macroscopic strain state 
can be derived. Assuming the SiGe when deposited on the 
Si(001) substrate is tetragonally distorted, the unstrained 
SiGe lattice parameter is related to its in-plane (a||,SiGe) and 
out-of-plane (a⊥,SiGe) lattice parameters by: 
 
 aSiGe = [(1 - υ)/(1 + υ)]a⊥,SiGe + [2υ/(1 + υ)]a||,SiGe     (1) 
 
with υ being the Poisson ratio along the [001] direction. 
Experimentally, the a⊥,SiGe and a||,SiGe lattice parameters can 
be obtained from the (004) and (224) rocking curves using 
the formalism described in [6]. The strain relaxation, R, can 
therefore be determined: 
 
 R = (a||,SiGe – aSi)/(aSiGe – aSi)       (2) 
 
in which aSiGe and aSi refer to the lattice constants of the 
unstrained SiGe and Si respectively. In Fig. 4(a), the peak at 
around 34.35° is due to the relaxed Si1-yGey layer, whereas 
the broad peak spanning from 34° to 34.28° belongs to the 
graded SiGe layer. The relative peak area at different 
positions under this broad peak depends on the strain 
relaxation of the graded layer and the Ge composition. The 
vertical strain state does not depict much difference for the 
two samples, though there seems to be a slight shift in the 
peak maxima in the graded region for G2 to the right. From 

the asymmetric (224) rocking curve shown in Fig 4(b), the 
peak at around 8.47° corresponds to the relaxed SiGe layer. 
The broad hump located less than 8.4° belongs to the graded 
layer. Again, the asymmetric plot does not suggest much 
distinctive difference between the two samples. The (004) 
rocking curve, in combination with the (224) plot, gives a Ge 
composition of ~14.1 % which is quite consistent with the 
composition determined from Auger Electron Spectroscopy 
(AES). The SiGe film with constant Ge content is 
determined to be almost fully relaxed. Hence, the XRD data 
seems to suggest that the two strained heterostructures are 
relaxed to the same extent. 
 
To confirm whether the variation in the grading rate has any 
influence on the lattice behaviour in its vicinity, CBED 
patterns were captured close to the interfacial regions. The 
representative patterns for each sample are as shown in Fig. 
5. As can be seen from Fig. 5b(ii), at about 50 nm into the 
relaxed buffer region from the Si1-xGex/Si1-yGey boundary 
interface, we see that most of the higher order Laue zone 
(HOLZ) lines for G2 are transformed into bands, suggesting 
the presence of defects, bending of the lattice planes or a 
large amount of strain relaxation at the surface of the 
stressed specimen. In contrast, there seems to be 
predominantly one set of lattice behaviour for G1 at the 
same location (see Fig. 5b(i)). At about 80 nm into the 
silicon substrate from the Si1-yGey/Si interface, HOLZ bands 
are observed for both samples but the extent of broadening is 
greater for G2 (see Figs. 5c(i) and 5c(ii)) and its HOLZ lines 
are also not very distinct. Nevertheless, two sets of HOLZ 
lines seem to be superimposed, suggesting the possibility of 
two dominant strain characteristics within the volume the 
beam passes through. Lattice strain behaviours in-between 

 
 

Fig. 5: (a) High-angle annular dark field STEM image of one of the samples. (b) CBED patterns obtained for (i) G1 and 
(ii) G2, at about 50 nm into the relaxed region away from the interface. (c) CBED patterns obtained for (i) G1 and (ii) 

G2, at about 80 nm into the silicon substrate away from the interface. 
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these two extremes are also possible. Two major 
contributing factors to this phenomenon may arise from the 
misfit dislocations or the surface relaxation of the specimen. 
These would result in local crystal rotations along the 
electron beam direction and give rise to few sets of lattice 
behaviour. The contribution from each factor is, however, 
difficult to determine from the patterns alone. Nevertheless, 
sample G1 is found to have more elastic distortion than 
sample G2 in the substrate region away from the interface. 
This perhaps may suggest that the greater broadening effect 
of sample G2 at the interface may be a result of more misfit 
dislocations located near the interface, if it is assumed that 
the extent of relaxation of the graded layer is similar. The 
splitting width of the lines, however, also depends on the 
orientation of the corresponding lattice plane with the 
incident electron beam. 
 
On the other hand, at the Si1-yGey/Si interface in which a 
network of threading dislocations accumulates, the CBED 
pattern gets highly distorted and the lines are not distinctive, 
especially for diffraction from Miller index planes ( 1  1 11), 
( 1  1 11), (5 3 9), (5 3 9 ), ( 7 55) and ( 7 5 5 ). The same 
observation is also found for regions within the graded layer 
which consists of shorter segments of threading dislocations 
but the extent of lattice distortion is not as great. The lattice 
orientation is therefore remarkably influenced by the 
presence of the surrounding defects, which may trigger 
bending of lattice planes around each dislocation and result 
in many superimposed inhomogeneous stress distributions 
within the volume the electron beam passes through. 
 
To summarize the above observations, band broadening at 
the interface has to be taken into account in order to explain 
the optimum relaxation mechanism, as the line widths are 
often related to strain-induced behaviour such as 
deformation, specimen relaxation and lattice misorientation. 
The lattice mismatch at the interface of the heteropitaxial 
materials would be accommodated between dislocations and 
strain such that the lowest energy for the system is reached. 
 
4.   Conclusion 
Strain phenomena in these heteroepitaxial systems can be 
explored to a greater extent when both HRXRD and CBED 
are used together. HRXRD provides quick inspection of the 
bulk strain state whereas CBED allows us to examine the 
interfacial localized strain state and reveals information at 
the interface. Hence, both analytical techniques play 
important roles for analyzing strain and when coupled 
together, can provide insights into the relaxation mechanism 
for heteroepitaxial film materials. 
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