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Abstract
The application of high-resolution x-ray diffraction for detecting and
distinguishing defects in SiGe(C) layers is presented. A depth profile of the
defects in SiGe/Si multilayers has been performed by using high-resolution
reciprocal lattice mapping at different asymmetric reflections. Transmission
electron microscopy was also applied in order to observe defects in the layers
and these results were linked with the x-ray analysis. The substitutional C or
B concentration in SiGe was measured by the shift of layer peak compared to
the intrinsic layers. The thermal stability of the SiGe layers was investigated
in order to rank the epitaxial quality of the SiGe below the detection limit of
x-ray technique. It has also been demonstrated that x-ray analysis can be used
for in-line process monitoring of layers grown in small device openings on
patterned substrates. These types of analysis have also been used routinely for
the evaluation of processed samples.

1. Introduction

In recent years, mismatched heterostructures have been integrated in many different types of
device applications [1]. The estimation of defect density in these layers is an important issue
since the defects affect the electrical, optical and mechanical behaviour of these layers. Thus,
the necessity of having a precise, fast and cheap characterization technique is inevitable. X-ray
techniques have obtained a strong position in this field due to their non-destructive character
without any need of sample preparation, and also the possibility to be applied as in-line direct
measurements. It is desirable to apply a guide map for the x-ray measurements which makes
it easier to evaluate different defects in the epitaxial layers. In this paper, methods to detect
and distinguish defects with depth analysis, estimation of substitutional dopant concentration
in SiGe(C) layers and also the capability of in-line process monitoring measurements using
high-resolution x-ray diffraction are presented.
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2. Experimental details

The SiGe(C) samples in this study were grown on blanket or patterned Si[100] substrates in
an ASM Epsilon 2000 RPCVD reactor. High-resolution x-ray diffraction (HRXRD) and high-
resolution reciprocal lattice mapping (HRRLM) were performed by using a Philips X’pert
instrument with Cu target and Kα1 (λ = 0.1504 nm) was obtained from a four-crystal Ge(220)
monochromator. By introducing a mirror prior to the monochromator and decreasing the spot
size an intense narrow x-ray beam is obtained. In this way, an array of individual single
crystalline stacks grown selectively in oxide openings can be analysed. The x-ray beam can
be applied to measure the misfit parameters parallel and perpendicular to the growth direction.
An HRRLM is a series of ω/2θ rocking curves (ω and 2θ are the incident and diffracted beam,
respectively) with ω ± �ω as starting incident angle. The compiled file of these rocking
curves is illustrated as equi-intensity contours in k-space. The position and shape of layer
and substrate peaks provide information about the misfit parameters, strain relaxation and
the amount of defect density in the epitaxial layers. A Normarski microscope (combined
with wet-etching) has been applied in order to determine the dislocation density in the layers.
Transmission electron microscopy (TEM) was used in order to distinguish different types of
defects. In the SiGe layers, defects were created by rapid thermal annealing (RTA), applying
high doping concentrations and by tuning the growth rate in epitaxial process.

3. Determination of mismatch parameters in the heterostructures

In HRRLMs, the positions of the substrate and layer peak provide the lattice mismatch
parameters perpendicular and parallel to the growth direction by using the following the
equations:

f⊥ = sin θs cos(ωs − θs)

sin θl cos(ωl − θl)
− 1 (1)

f‖ = sin θs sin(ωs − θs)

sin θl sin(ωl − θl)
− 1 (2)

where the indices s and l stand for the substrate and the layer, respectively [2, 3]. The lattice
mismatch can be written:

f = ( f⊥ − f‖)
1 − υ

1 + υ
+ f‖ (3)

where υ is the Poisson ratio (υ = 0.278) for Si1−x Gex/Si and the incorporation of C in
these heterostructures is believed to have only a minor effect on the Poisson value [4]. The
widths of the layer and substrate peaks and the low-intensity broadening can provide valuable
information about the density and the structure of the defects.

4. Results and discussions

Heterostructures with various doping levels are used for opto- and electro-device applications.
In these layers, estimation of substitutional doping concentration is an essential matter. Due to
the size difference of the dopant atoms with the host atoms, a strain is often induced in the doped
layers. As examples, in SiGeC/Si or B-doped SiGe/Si heterostructures carbon or boron atoms
compensate the compressive strain of Ge atoms. The strain compensation amount can be easily
measured by HRXRD and can be converted to substitutional carbon or boron concentration
in SiGe layers. The non-substitutional dopant atoms in these layers does not contribute to the
strain compensation and can thus not be estimated. However, by combining HRXRD with
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Figure 1. HRRLMs around the (113) reflection of three SiGeC layers with increasing Ge
composition. A TEM image with all layers from (a) to (c) is shown in (d).

secondary ion mass spectrometry (SIMS) (which measures the total concentration) the amount
of interstitial dopants can be obtained.

A series of SiGeC layers with high carbon concentration were grown to study the
incorporation of carbon atoms and evolution of defects in these thin films. HRRLMs of these
layers are shown in figures 1(a)–(c) as follows: 1(a) Si0.82Ge0.17C0.01, 1(b) Si0.78Ge0.21C0.01,
1(c) Si0.73Ge0.26C0.01. As a reference sample, all these SiGeC layers were grown in a SiGeC/Si
multilayer structure and a cross-sectional TEM of this sample is shown in 1(d). The substrate
and SiGeC layer peaks in figure 1(a) are lined up along K⊥ with a narrow full width at half
maximum (FWHM) indicating a high epitaxial quality. However, a diffused scattering is
observed around the layer peak in figures 1(b) and (c), indicating the generation of defects. In
these figures, the main contour lines are not affected but the feature of the diffused scattering
around the SiGeC layer peaks is quite different. It is more asymmetric in figure 1(c) compared
to 1(b). The TEM micrograph shows that the SiGeC layer in 1(c) has extended defects:
stacking faults and misfit dislocations; however, the SiGe layer in 1(b) contains no visible
defects. The observations by Normarski microscope (the layers were wet-etched stepwise)
showed no dislocation cross-hatched pattern for the samples in figures 1(b) and (a). Therefore,
we believe that the diffused scattering in figure 1(b) is due to carbon precipitates in the SiGe
layer. A similar diffused scattering has been observed previously in the case of B- [5] and C-
doped [6] SiGe layers demonstrating two-dimensional precipitates with no dislocations. The
main reason for this diffused scattering is that the precipitates create only a local distortion in
the lattice.
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Figure 2. HRRLMs around the (113) reflection of Si0.74Ge0.26 samples showing (a) as-grown and
RTA treated samples for 10 s at (b) 1050 ◦C and (c), 1070 ◦C.

Further analysis was performed in order to distinguish the feature of the misfit dislocation
in the HRRLMs compared to stacking faults or precipitates in the SiGe layers. This was
performed by studying the thermal stability of the SiGe layers. Figures 2(a)–(c) show HRRLMs
of Si0.74Ge0.26 layers RTA treated at different temperatures as follows: 2(a) as-grown, 2(b) 10 s
at 1000 ◦C and 2(c) 10 s at 1070 ◦C respectively. The as-grown sample demonstrates high
epitaxial quality, while both the other samples show asymmetric broadening around the layer
peaks. In these samples, the low intensity contours become asymmetric and this feature differs
from the diffused scattering around the SiGe layer in figure 1(c). For the annealed samples,
the position of the layer peak has also shifted because of the strain relaxation. The relaxation
amount was calculated to be close to 10% in 2(b) and almost 50% in 2(c).

Thus the above results demonstrate that the defects determine the feature of the layer peaks
dependent on their nature or the scale of the relaxation amount. The extended defects such
as stacking faults or dislocations cause a strong lattice distortion, whereas the precipitates are
locally positioned defects and their existence does not cause large scale damage. It is worth
mentioning here that two-dimensional simulations of these HRRLMs is complicated because
of the nature of the defects and their distribution in the epitaxial layers.

5. Depth resolution analysis

In a multilayer structure detecting and localizing the defects is an important task. Traditionally
TEM analysis has been applied to reveal the defects in the layers. The x-ray technique also
offers an opportunity to qualify the epitaxial layers by performing HRRLMs around different
asymmetric reflections. The main idea is tuning the penetration depth or the probing volume of
the x-ray beam in the samples. Asymmetric reflections, e.g. (113), (224) and (115) with incident
angle of 2.8◦, 8.7◦ and 31.7◦, respectively, are used to perform depth analysis. Figures 3(a)–
(c) illustrate the HRRLMs around these asymmetric reflections from an SiGe/Si multilayer
structure in the previously discussed TEM micrograph in figure 1(d). The choice of this
sample is a link between TEM with HRRLM results. In this sample, the SiGeC top layer
had mainly stacking faults and some dislocations which had also propagated into the Si Cap
layer, whereas the intermediate layer contained precipitates and the first SiGeC layer was
defect-free. In the HRRLMs in figures 3(a)–(c), there are three SiGe layer peaks lines with
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Figure 3. HRRLMs around (113), (224) and (115) reflections of the SiGe/Si multilayer shown in
the TEM image in figure 1(d).

some thickness fringes. The diffused scattering around the substrate peak, which is in fact
overlapped with the Si substrate peak, reveals the defects in the cap Si layer. This is visible
in the (113) and (224) reflections, figures 3(a) and (b), with low incident angle, and is not
detectable in the (115) reflection in figure 3(c) in which the x-ray beam penetrates deeper into
the substrate with high absorption level. A similar discussion can be applied for revealing
defects in the intermediate and cap SiGe layers in the form of diffused scattering around the
layer peak in the HRRLMs, and it becomes successively weaker from (113), (224) to (115)
reflections. These results indicate that the HRRLMs around (113) are the most sensitive tool
for defects situated close to the surface. One important point here is that the layer defect may
cause surface roughness. This induces a diffused scattering feature especially in the HRRLM
around the (113) reflection. Extra care has to be taken in this case for measurements on III–V
materials since the incident beam angle for the (113) reflection is only 1.69◦, and the surface
morphology may have a dominant effect.

6. The measurement of defect density in epitaxial layers

In previous reports, the x-ray rocking curve technique has been presented as a powerful
technique to measure dislocation density in the epitaxial layers [7]. This technique is based on
measuring the FWHM of the rocking curves at different reflections. In general, the broadening
of the rocking curves in single-crystalline material is due to two main reasons:

(i) the dislocation causes a rotation of the crystal lattice (so-called angular broadening), and
(ii) a distortion of the Bragg angle due to the strain relaxation in the neighbourhood of the

dislocations (so-called strain broadening).

This method has been used for different heteroepitaxial semiconductors and it can
determine dislocation densities in the range 105–109 cm−2. In recent years, further
improvements in the epitaxial quality have required higher detection sensitivity.

In semiconductor crystals, a range of different types of defects exists and they may interact
strongly with each other when they are mobile. This interaction is thermally dependent and
can be excited by an RTA process. This theory has been examined for a series of Si0.85Ge0.15

samples which were grown with different growth rates. The defect density in the as-grown
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Figure 4. HRRLM around the (113) reflection of a 1200 Å thick Si0.85Ge0.15 layers with different
growth rates. (a) Illustrates an as-grown example whereas (b)–(e) has been RTA treated at 900 ◦C
for 10 s.

layers was below the detect limit. HRRLMs around the (113) reflection of samples are
demonstrated in figures 4(a)–(e) as follows: 4(a) as-grown with 156 Å min−1 and samples
which were grown with growth rate of 4(b) previous sample, 4(c) 218, 4(d) 368 and 4(e)
392 Å min−1 and later RTA treated for 10 s at 900 ◦C. In this series, the samples with higher
defect density demonstrate a lower thermal stability. In this way, there is an opportunity to
rank the layers according to the defect density amount. These results show that a too low
or high growth rate causes an increase in defect density, and there is an optimum value for
deposition of these layers as shown in figure 4(c). The main reason for this behaviour is that
the epitaxy process at low growth temperature range is in the kinetic regime, and an increase
of partial pressure (amount of the reactant) has only a slight enhancement in the growth rate.
This may result in an increase of point defects in the lattice. A similar dependence of defect
density in SiGe layers on growth rate has also been observed for Cl-based epitaxy [8].

7. X-ray analysis for in-line process monitoring

Selectively grown SiGe-based material has been used in CMOS structures as the channel layer
or in source/drain junctions. The Ge amount and layer thickness in these layers are strongly
dependent on the size of the oxide openings [9, 10]. HRXRD can be easily applied on the test
chip with a particular oxide opening size to measure the Ge amount. Figure 5 shows ω/2θ

rocking curves from intrinsic and B-doped SiGe layers grown selectively in a chip containing
5000 oxide openings with a size of 7 × 7 µm2. Two more rocking curve measurements
have also been performed on a 7 × 7 mm2 reference opening on the same wafers. There is
a remarkable variation of the Ge amount between reference (18%) and the device openings
(24%) for the intrinsic sample, which is due to the loading effect during the epitaxial process.
The shift of the doped layer peaks compared to the intrinsic ones is converted to a boron
concentration of 1 × 1020 and 2 × 1020 cm−3 for reference and device opening, respectively.
These measurements are fast, and they can be performed on a variety of arrays on a wafer at
different process stages in the clean room. Any out-diffusion of dopants can be detected and
an appropriate thermal budget of the device processing can be determined.
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Figure 5. (004) rocking curves of intrinsic and B-doped SiGe layers grown on a patterned substrates
with chips consisting of 5000 10 × 10 µm2 oxide openings. Reference openings of 7 × 7 mm2

were also available on each wafer.

8. Conclusions

High-resolution reciprocal lattice mapping were applied to distinguish defects such as
precipitates, stacking faults and dislocations in SiGeC layers. The results showed that the
precipitates caused a diffused scattering around the layer peak, whereas the extended defects
created an asymmetric feature in maps. The defect density profile in SiGe/Si multilayers can be
obtained by reciprocal lattice mapping around the (113), (224) and (115) reflections. Because
of the low incident angle of the x-ray beam, the (113) maps demonstrated the most sensitivity
to defects situated near the surface. Qualifying the defect density below the detection limit
of x-ray analysis was performed by investigating the thermal stability of the SiGe layers. It
has been shown that layers with higher defect density have poorer thermal stability and they
can be ranked by the induced scattering around the SiGe layer peak. Substitutional carbon
and boron in SiGe layers was estimated from the strain compensation amount in SiGe matrix
by measuring the shift of the layer peaks in x-ray scans. X-ray measurements can be used as
in-line process monitoring for layers grown in small oxide openings on patterned substrates.
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