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a  b  s  t  r  a  c  t

We  have  quantitatively  measured  the  angle  dependence  in  the  Silicon  1s  X-ray absorption  spectra  of
strained  Si1−xGex thin  films  prepared  by epitaxial  growth  on Si(1  0  0)  substrates,  through  surface  sensitive
total  electron  yield  detection.  The  linear  dichroism  difference  extracted  from  these  angle  dependent  X-ray
absorption  spectra  is  proportional  to  the  degree  of  strain,  as  measured  separately  by  Raman  spectroscopy.
vailable online 9 November 2012
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This  quantitative  relationship  provides  a means  to  measure  the  compressive  strain  in Si1−xGex thin films.
This strain-dependent  X-ray  absorption  spectroscopy  has  the  potential  to  realize  a semiconductor  strain
metrology  through  high  spatial  resolution  X-ray  spectromicroscopy.

© 2012 Elsevier B.V. All rights reserved.
-ray absorption spectroscopy
EXAFS

. Introduction

As an important material in the microelectronics industry,
trained Si1−xGex alloy films prepared by epitaxial growth, have
een engineered to produce high frequency transceivers [1],  quan-
um well infrared photodetectors [2],  and nanoscale CMOS [3] and
ight-emitting [4] devices. The electronic structure of epitaxially
rown Si1−xGex alloys is dependent on the composition, crystallo-
raphic orientation of the substrate as well as the degree of strain
5]. Strain can be engineered to increase electron mobility [6].
he degree of strain depends on film composition, thickness, and
rocessing history [7–10]. Films that are thicker than a composition
ependent critical thickness [11] relax through misfit dislocations
8].

Measurement of the degree of strain in Si1−xGex alloys is impor-
ant for optimizing the structure and properties of Si1−xGex devices.

easurement of the sample strain with high lateral spatial resolu-

ion – down to the individual gate length scale – remains a challenge
or the development and optimization of strained Si1−xGex devices,
s well other strained semiconductor materials. Strain distributions
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in Si1−xGex alloys have been studied by transmission electron
microscopy (TEM) [12,13], X-ray diffraction (XRD) [14], and Raman
microscopy [15]. The spatial resolution of Raman and micro-XRD
techniques can reach ∼0.3 �m [16], while AFM-induced enhanced
Raman scattering has provided sub-100 nm spatial resolution on
Si1−xGex quantum dots [17]. There is a need to go smaller: the
fourth generation of high speed SiGe heterojunction bipolar transis-
tor (HBT) and bipolar complementary metal oxide semiconductor
(BiCMOS) technology will have gate lengths below 90 nm [18].
Experimental measurement of strain in Si1−xGex thin films, down
the scale of individual devices and below the scale of Raman and
XRD, remains an important analytical challenge.

In this work, we study the angle dependence in the Si 1s X-
ray absorption spectra (XAS) of strained Si1−xGex thin films. The
shape of the fine structure at the onset of the Si 1s XAS shows
a strong dependence on Si1−xGex composition; the linear dichro-
ism (LD) of these features shows a dependence on the degree of
strain. This has been studied earlier [19,20] but a quantitative rela-
tionship between the magnitude of the LD and the strain has not
been determined previously. The use the LD-XAS difference (the
difference between spectra recorded with horizontal and vertical
polarization) largely removes the composition variation from the

spectra, isolating the effect of strain. This LD-XAS can therefore
be used to reveal anisotropic states associated with strain-induced
distortions [20]. We correlate the strength of the LD-XAS effect with
strain, independently measured by Raman spectroscopy, to obtain

dx.doi.org/10.1016/j.apsusc.2012.11.012
http://www.sciencedirect.com/science/journal/01694332
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Table 1
Summary of Si1−xGex alloy sample composition, thickness, strain and the integrated absolute value of the linear dichroism difference.

NRC sample code Composition
from prep. (x)

Thickness (nm) Composition
from XPS (x)

Composition
from Raman (x)

Degree of strain
(from Raman%)

Integral (eV*Int.)

929 0.12 105 0.31 0.098(8) −0.29(7) 0.054
930 0.20  180 0.18 0.179(5) −0.66(1) 0.083

1474  0.24 100 0.26 0.206(5) −0.87(4) 0.101
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 quantitative relationship. This LD-XAS has the potential for use
or quantitative strain mapping at the scale of individual gates (sub-
00 nm spatial scale), through X-ray linear dichroism microscopy
XLDM) with an X-ray photoelectron emission microscope [21].

. Experiments

.1. Si1−xGex alloy samples

Si1−xGex thin films that vary in composition and thicknesses
ere employed for the Si 1s X-ray absorption measurements.

i1−xGex alloy films were grown by molecular-beam epitaxy (MBE)
sing electron beam evaporators and solid Si and Ge sources
t the Institute for Microstructural Sciences National Research
ouncil (NRC-IMS) of Canada. Base chamber pressure was typi-
ally < 2 × 10−10 mbar, with an order of magnitude increase during
rowth. Samples were grown on commercial [1 0 0] oriented Si
afers, which were heated to 500 ◦C during the growth. More
etails of the sample information can be found in Aubry et al. [22].
he sample composition (estimated from the preparation condi-
ions, and determined by Raman and XPS) and the film thickness
re listed in Table 1.

.2. Characterization of Si1−xGex thin films

Composition estimates provided by the growth conditions were
erified by X-ray photoemission spectroscopy (XPS) and Raman
pectroscopy; Raman spectroscopy is also used to determine the
egree of strain. Atomic force microscopy (AFM) was used to ver-

fy that the films are uniform with no apparent island formation.
etails of the sample composition and degree of strain will be dis-
ussed in Section 3.

Raman spectra were acquired on the Raman microscope at the
askatchewan Structural Sciences Centre, using the 514.5 nm radi-
tion from an Ar+ laser. The position of the Si–Si and the Si–Ge
ands was determined by fitting these lines with an asymmetric
aussian function (Eq. (1) in Ref. [23]). The composition (x) and
train (ε) from the Raman data were calculated using the standard
ormulas (Eqs. (12) and (13) of Perova et al. [23]). These data are tab-
lated in Table 1. Raman results are expected to average the strain

n the entire Si1−xGex thin film, while TEY-NEXAFS are somewhat
ore sensitive to the near-surface signal (∼70 nm sampling depth,

ccording to Ref. [24]).
The Si1−xGex composition was further verified by XPS. XPS data

as collected using an XPS spectrometer at the Alberta Center
or Surface Engineering and Science. A monochromatic Al K� X-
ay source was used, and high resolution Si 2p, Ge 3d, and C 1s
pectra were collected (20 eV pass energy; 0.1 eV step size; 200 ms
well time). Spectra were calibrated to the adventitious C 1s line
t 284.8 eV and a Shirley type background subtraction was used to

ccount for energy loss due to inelastic scattering [25,26].  Manual
egions were created for the Si 2p and the Ge 3d spectra, which
ncluded the oxide peaks for both Si and Ge [27,28]. XPS composi-
ion results are listed in Table 1.
0.367(3) −0.34(2) 0.047
0.404(40) −0.08(3) 0.029

2.3. Polarization dependent X-ray absorption spectroscopy

The polarization dependent XAS measurements were carried
out using the Soft X-ray Microcharacterization Beamline (SXRMB)
[29], a bending magnet beamline at the Canadian Light Source
Saskatoon, Canada covering the “tender” X-ray region (1.5–10 keV).
An InSb(1 1 1) monochromator was used, and the degree of horizon-
tal linear polarization is estimated to be 80%, from a measurement
of the intensity as a function of horizontal slit setting. A typical
flux of the beam is >1011 ph/s with the energy resolving power of
∼4 × 103 at the Si 1s edge.

Measurements were performed on the Si(1 0 0) face of a com-
mercially available Si single crystal and five Si1−xGex alloy samples
(see Table 1). The native oxide was  first removed by a short etch
(5 s in a 10% HF solution, followed by rinsing with distilled water).
Each sample was mounted so that the photon beam strikes the
sample at a glancing angle of 18◦ ± 2◦ (72◦ ± 2◦ relative to the
surface normal), providing a constant ratio of the surface/bulk sen-
sitivity at all sample rotation angles. The sample can be rotated
about an axis parallel to the photon propagation direction. In the
horizontal geometry, the electric field vector is oriented in the
sample plane, while in vertical geometry, the electric field vec-
tor is nearly normal to the sample surface. Spectra recorded in
these geometries are defined as the horizontal and vertical XAS,
respectively. An energy range from 1820 to 1910 eV was selected
for the XAS measurement, with energy step of 0.1 eV at the peak
region.

Total electron yield (TEY) was recorded as a sample drain cur-
rent using a high precision picoammeter. At the Si 1s edge, the TEY
sampling depth was  estimated to be ∼70 nm [24]. For normaliza-
tion, the incoming flux was monitored using an ion chamber located
upstream in the beam path. Sufficient dwell time and scans were
selected for each sample to provide good statistics.

3. Results and discussion

Composition, thickness and strain data for the five Si1−xGex are
provided in Table 1. With the exception of the XPS measurement
for sample 929, the composition measurements are within a few
percent. The Raman values are all slightly lower than the values
expected from the sample preparation, perhaps reflecting a small
offset in evaporation source calibration. The XPS values show the
same composition trend, but vary more widely.

The difference between the horizontal and vertical XAS of
strained Si1−xGex has been hypothesized to be proportional to the
degree of strain [20]. To verify this, the Si 1s XAS of unstrained crys-
talline Si(1 0 0) was  first examined. The normalized horizontal and
vertical spectra overlap very closely in the measured energy region,
with a small difference (<0.4%) in the energy region of the strong
white line feature (1839.8–1845.8 eV). This residual may represent
an effect of the surface anisotropy on the Si(1 0 0) surface. The small

LD-XAS difference is therefore considered as the “strain detection
limit” in these experiments.

The LD-XAS signals measured for the strained Si1−xGex sam-
ples were then correlated with the degree of the strain. A typical
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Fig. 1. (a) Silicon 1s X-ray absorption spectra of sample 1474 (100 nm Si0.76Ge0.24

alloy), recorded with total electron yield, with horizontal and vertical polarization.
These spectra have been normalized so that the maximum intensity is set to 1.0 and
the minimum intensity is set to 0.0; see Section 2.3 for a description of the sample
geometry and data processing; (b) the difference of vertical spectra and horizontal
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easily to measure strain in samples with variable composition. As
olarized X-ray absorption spectra; (c) the absolute value of this difference; and (d)
he integration of the absolute value to the energy.

D-XAS for the Si1−xGex thin film, sample code 1474 (nominal
e composition: 0.24; thickness: 100 nm)  is presented in Fig. 1a
fter normalization, where the strongest and weakest signals
ere set to 1.0 and 0.0, respectively. The LD-XAS difference spec-

rum for sample 1474 derived in this fashion is also shown in
ig. 1b. The pre-edge (1830–1838 eV) and the far continuum (above
855 eV) signals in the horizontal and vertical spectra overlap,
hile clear differences due to linear dichroism are observed in

he intense white line of the Si 1s edge spectrum (1839–1844 eV
egion). The white line of silicon and SiGe alloys consists of “rab-
it ear” structures; two peaks closely separated in energy that
rise from conduction-band splitting [30]. The separation and rel-
tive intensity depends on composition. Features that appear at
igher energy are attributed to multiple scattering effects (∼5 eV
bove the edge) [31], while features above 1858 eV are attributed
o longer range crystalline order [20,22]. To evaluate the strain,
e focus on the region from 1837 to 1846 eV, where LD differ-

nces are up to ∼10 times larger than the differences found in
rystalline-Si.

The LD-XAS differences for the other samples were similar to
hat for sample 1474. The LD-XAS difference spectra for all samples
re presented in Fig. 2, in order to compare the magnitude and
haracter of these differences. Small glitch points, originating from

 small (<1%) variation in the intensity of single data points, have
een edited out of this plot for clarity; the original LD-difference

pectra used for data analysis are presented in the supplementary
ata. It is clear that the LD difference increases with the degree of
train, ε.
Fig. 2. The LD-XAS differences for the samples investigated in the energy region
of  interest, plotted in the order of strain, ε (lowest on the bottom), and the energy
range corresponds to that used for integration.

The method of data normalization used in this work, where the
minimum intensity of the horizontal and vertical spectra was  set
to 0.0, and the maximum intensity of these spectra was  set to
1.0, was found to be superior to commonly used normalization
methods (such as that discussed in Ref. [32]). Commonly, spec-
tra are background subtracted and normalized in the continuum
(above near-edge features) to an atomic cross-section [33] or to
a constant. However, the background subtraction step can add
uncertainty to the slope in the continuum, introducing artificial
differences between the horizontal and vertical polarized spectra.
The normalization method used in this work can be automated.
Previously, small linear dichroism signals have been used for quan-
titative orientation mapping in semi-crystalline organic polymers
such as spider dragline silk [34]. Similarly, a strain metrology, using
a pixel-by-pixel spectra processing of the linear dichroism in X-ray
microscopy data, is proposed for strained polymers.

3.1. Qualification of the XAS-LD to the strain

It is crucial to quantify the LD-XAS signal in order to develop this
phenomenon as the basis for a strain metrology. Visual inspection
suggests that the LD-XAS difference scales with the degree of strain
[35]. A quantitative evaluation is required to establish an analyti-
cal measure of strain. Composition differences will shift the XAS
as well as the LD-XAS difference spectra [20,36],  so the intensity
of a single transition (or a small set of features) cannot be used
the LD-XAS spectra have positive and negative values, we convert
the LD-XAS difference spectrum to absolute value scale (shown in
Fig. 1c) and then calculate the area under this curve (integral shown
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Fig. 3. Integral of the absolute differences to the energy as a function of strain, ε. The
data were further fitted with a weighted linear function (red line; y = mx + b, where
m  = −9.13739 ± 1.8987; b = 2.295 × 10−2 ± 1.004 × 10−2; reliability r2 = 0.9811). (For
interpretation of the references to color in this figure legend, the reader is referred
t

i
c
t
c
i
u
i
s
i
t
fi

p
s
E
d
v
t
t
a

t
s
t
t

t
t
s
t
R
(
o
t
o
m

i
5
p
p
a

[
[
[

[
[
[

[

[

[
Handbook—Materials, Fabrication, Devices, Circuits, and Applications of SiGe
and Si Strained-Layer Epitaxy, CRC Press, 2005, pp. 3–14.
o  the web  version of the article.)

n Fig. 1d; 1837–1846 eV). The numerical integral was employed to
alculate the area within the energy range. The method was  applied
o the LD-XAS signals of the other 4 samples as well as c-Si. The
orresponding integral value for c-Si was used as the error for the
ntegrals of the LD-XAS signals from the Si1−xGex samples. The val-
es of the integrated LD-XAS signal for the 5 samples are listed

n the last column of Table 1 and also plotted as a function of the
train in Fig. 3. The magnitude of the quantitative LD-XAS signal
ncreases linearly with the strain, within the estimated uncertain-
ies from the Raman analysis. Taking the errors as weights, a linear
t was applied to the data and is shown in Fig. 3.

The degree of strain and the integrated LD-XAS difference are
roportional to each other. The use of the integral is essential, as the
hape of the LD-XAS signal changes with Si1−xGex composition [20].
valuating the integral of the absolute value of the LD-XAS signal
esensitizes the method to the compositionally dependent shape
ariations. The LD-XAS difference at any single energy is not likely
o be meaningful and would require constrained multiline fitting
o process [20], unlike, for example, LD-XAS studies in oriented
nisotropic organic materials [37].

The magnitude of the integral – and thus the strain – in an arbi-
rary Si1−xGex sample with an unknown degree of compressive
train can be measured by this approach. Using Fig. 3 as a calibra-
ion curve, the value of the integrated LD-XAS can be determined
o quantitatively estimate the degree of strain.

For this calibration, the LD-XAS differences are compared
o strain measurements determined separately by Raman spec-
roscopy. It is important to consider the differences in depth
ensitivity of these methods. XAS, measured by TEY detection at
he Si 1s edge, has a sampling depth of ∼70 nm [24]. In contrast,
aman should integrate the strain of the entire Si1−xGex thin film
100–300 nm thick, as shown in Table 1). However, the mechanisms
f strain relaxation and defect propagation in strained Si1−xGex

hin films [11] suggest that the strain will be the similar through-
ut the Si1−xGex thin film. Therefore, the Raman and LD-XAS strain
easurements are comparable.
At the present level of standard evaluation, this approach shown

n Fig. 3 should give a value of the strain with an uncertainty of
%. While convergent beam electron diffraction provides higher
recision [13], the X-PEEM method requires much less sample

reparation and wide areas can be surveyed easily, and used as

 strain metrology.

[
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4. Conclusion

The linear dichroism of Si 1s edge X-ray absorption spectra (LD-
XAS) of strained SiGe thin films grown epitaxially on a c-Si(1 0 0)
substrate has been measured. The integrated absolute LD-XAS from
1838 to 1846 eV has been shown to be a quantitative measure of
the strain for these Si1−xGex thin films. The integral of the absolute
value of the LD-XAS difference linearly varies with the degree of
the strain in these compressively strained Si1−xGex systems. These
results have the potential for use for quantitative strain mapping
at the scale of individual gates (sub-100 nm spatial scale) by X-ray
linear dichroism microscopy (XLDM) with an X-ray photoelectron
emission microscope [21], where strain dependent spectra can be
acquired with <50 nm lateral spatial resolution.
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