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A B S T R A C T

The Si channel of advanced p-type transistors has been replaced by a compressively strained Silicon-
Germanium channel (SiGe) in order to improve the device performances. The SiGe thickness and composition
must be precisely controlled to reproducibly obtain the same characteristics. In this study, the benefits of X-ray
Photoelectron Spectroscopy (XPS) for the process development and the industrial control of thin SiGe channel
layers are shown. The use of a parallel Angle Resolved XPS (pARXPS) allowed us to obtain the germanium
distribution in very thin SiGe channels, a useful information to better understand the impact of various process
steps on the germanium distribution. The hybridization of in-line XPS and X-Ray Reflectivity (XRR) has been
used as an industrial process control characterization method to jointly determine the SiGe channel's thickness
and germanium composition. This hybrid industrial metrology technique has shown promising results.

1. Introduction

Over the past few years, Silicon Germanium has replaced the Si
channel of p-type MOS transistors. Thanks to a higher hole mobility,
strained SiGe channels can indeed improve device performances [1].
Hence, for the 28 nm and the 14 nm FD-SOI (Fully Depleted - Silicon
On Insulator) technologies, the silicon channel is replaced by an 8 nm
SiGe channel, on top of a thin buried oxide. To reach transistor
specifications, the thickness and composition of this SiGe channel
must be precisely controlled during the SiGe fabrication process. For
such thin layer, usual techniques, such as Spectroscopic Ellipsometry
(SE), are at the limit of their capability. In this paper, X Ray
Photoelectron Spectroscopy (XPS) has been used to characterize the
SiGe channel layer. XPS is a well-established method for the analysis of
ultrathin films thanks to its surface sensitivity ( < 100 Å) and its ability
to chemically characterize samples [2]. Two different XPS systems have
been used in this work: a ThermoScientific laboratory pARXPS
(parallel Angle Resolved XPS) tool and an in-line Revera system.
Thanks to the angular information, pARXPS can provide depth
resolved information on the chemical state of near-surface layers [3].

Having access to the Ge depth profile is an asset to better understand
the impact of the different transistor fabrication process steps on
germanium distribution. As a pre-requirement, a validation thanks to
Medium Energy Ion Scattering (MEIS) of the pARXPS chemical profile
reconstruction on reference samples together with a study on the
thickness range of use of this technique, will first be undertaken. The
in-line Revera system will later on be called upon, as an industrial
process control characterization tool, to determine the germanium
percentage in the SiGe channel. XPS alone cannot determine indepen-
dently these two parameters, however. The joint use of an accurate
thickness measurement technique and of XPS can solve this problem.
Recent works have demonstrated the relevance of data cross-examina-
tion for the accurate determination of the Ge content and thickness in
thin SiGe layers [4]. In this work, the hybridization of the XPS
technique with X-Ray Reflectivity (XRR) will be used to jointly
determine the SiGe channel layer thickness and the germanium
composition.
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2. Experimental

pARXPS measurements were performed in a customized
ThermoScientific Theta 300 pARXPS tool. The X-ray source is a
monochromatic aluminum anode source at 1486.6 eV. The pARXPS
analysis were performed in Ultra-High vacuum conditions
(P=1×10−9 m bar). The specific lens design and the two-dimensional
detector integrated on this tool allows to perform a parallel acquisition
of the photoemission signals at eight emission angles from 20° to 80°
with respect to the sample normal, this without any sample tilt. Thus,
pARXPS can provide depth resolved information about the chemical
state of near-surface layers [3,5].

The in-line XPS Revera VeraFlex II uses a monochromatic alumi-
num anode x-ray source at 1486.6 eV. Acquisitions of the photoemis-
sion signal were performed at a single angle, e.g. the normal one with
respect to the sample surface. A magnetic lens, positioned below the
sample, is used to maximize the number of photoelectrons collected by
the analyzer. Its 35 μm x-ray spot allows to measure inside dedicated
measurement structures, which is mandatory for in-line characteriza-
tion. The XPS Revera VeraFlex II is optimized to obtain the fastest
acquisition time per measured point (2–3 min per point on average).

The Medium Energy Ion Scattering is a high resolution chemical
depth profiling characterization technique. The MEIS measurements
have been realized with a 100 keV He+ incident ion beam. The
scattered ions were detected along a blocking direction. This geometry
increases the sensitivity to deposited layers by significantly reducing
the contribution of ions scattered by the substrate.

X-Ray Reflectivity (XRR) is considered as a reference technique for
the control of thickness. For the XRR measurements, the X-ray beam
has been directed on the surface at low incident angle (θ < 4°) and the
reflected beam intensity has been analyzed in a specular direction. For
angles slightly higher than the critical angle, the X-ray beam penetrates
in the layer structure and, for the case of multilayer, the XRR intensity
will present oscillations due to the interference between multiple
reflections in the film-stack. The layers thickness is directly obtained
from the oscillation frequencies.

3. Applications

The SiGe channel fabrication process, known as the Ge condensa-
tion or enrichment process [6,7], is illustrated schematically in Fig. 1:

This process consists in depositing an epitaxial SiGe layer on a
Silicon On Insulator (SOI) substrate (b). This layer is then oxidized at
high temperature, which leads to the migration of the germanium
atoms into the SOI substrate (c). Finally, the top oxyde layer is removed
(d). Various key parameters, as the germanium profile at the (c) step or
the germanium composition at (b) and (d) steps, need to be determined
or controlled all along the development or the industrial phases. We
will show in the following that XPS is very suitable to those ends.

3.1. Benefits of XPS for the SiGe process development

One key characteristic to fine tune the annealing process is to
determine the germanium distribution under the SiO2 overlayer (step
(c)). Thanks to pARXPS, chemical profile reconstructions can be
performed, allowing us to precisely determine the germanium dis-
tribution in the SiGe layer under the SiO2. First of all, to validate the
pARXPS capability to extract chemical profile on SiGe samples, two

reference samples with different germanium gradients have been
processed. The first one (the second one) exhibits an expected
germanium gradient, from 30% (55%) on top down to 10% (35%)
close to the Si substrate. Both SiGe layers are nominally 10 nm thick
and are capped by 2 nm of silicon to prevent the formation of surface
germanium oxide. They were both analyzed by pARXPS and MEIS. The
depth profiles obtained with those techniques have been compared to
validate the pARXPS chemical profile reconstruction technique used on
SiGe layers.

For the pARXPS measurements, the spectra Si2p, Ge3d, O1s and
C1s were recorded at eight different photoemission angles between
23.75° and 76.25°. By applying the maximum entropy concept on the
results obtained at different angles, pARXPS can provide key chemical
profile data, as described in Refs. [8,9]. Fig. 2 shows the chemical
profile reconstructions of the two SiGe reference samples, directly
obtained with this technique, without applying any constraint or
predefined models on the calculations. Only the six first angles have
been used (from 23.75–61.25°) to reconstruct those chemical profiles.
Elastic scattering phenomenon indeed become predominant over 60°
[10], deteriorating the measurements validity.

The Ge content (blue curves) decreases when moving towards the Si
substrate: from 28% down to 18% in the first sample and from 60%
down to 43% in the second one. The lowest germanium compositions
(near the Si substrate) are higher than the expected values. This can be
explained by the pARXPS analysis depth which does not exceed 80 Å.
More precisely, the pARXPS signal is mainly composed of electrons
coming from a 3λ.cosθ thickness, with λ the electron attenuation length
and θ the photoemission angle. The attenuation lengths of Ge3d and
Si2p in a 10% germanium SiGe layer are respectively 28,1 Å and
26,8 Å. Thus for the smaller photoemission angle (23,75°), it repre-
sents a thickness of 77,2 Å for Ge3d atoms and 73,6 Å for Si2p atoms.
As the total Si capping+SiGe layer is slightly thicker the interfacesFig. 1. Description of the different process steps for SiGe channel formation on FDSOI

substrates.
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Fig. 2. pARXPS chemical profile reconstructions of the Si/SiGe/Si substrate reference
samples with a germanium gradient from 30–10% (a) and from 55–35% (b).
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