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Abstract SiGe alloy, owing to its high electron and hole
mobility, has potential applications in high-speed microelec-
tronic device technology. The optimization of such tech-
nology requires the precise determination of Ge concentra-
tion in the full range of composition and the understanding
and control of the Ge–Si interdiffusion phenomenon. The
most appropriate analytical technique with highest detection
sensitivity (∼subparts per billion) for measuring elemental
concentration is secondary ion mass spectrometry (SIMS).
However, strong compositional dependence of secondary
ion yield, i.e. “matrix effect,” has always made SIMS quan-
tification extremely difficult. A procedure for the accurate
quantification of Ge concentration in molecular beam epi-
taxy (MBE)-grown Si1−xGex (0 < x < 0.72) alloys based
on MCs+-SIMS approach has been proposed. The “matrix
effect” is shown to be completely suppressed for all Ge
concentrations irrespective of impact Cs+ ion energies. The
novel methodology has successfully been applied for direct
quantitative composition analysis of Si/Ge multilayer struc-
ture.

1 Introduction

Germanium incorporation in silicon leaves the nature of sil-
icon band structure intact for concentrations up to 85 %,
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but produces significant reductions in the band gap energy
and in the electron and hole effective masses, thus enabling
the SiGe alloys to be extensively usable for their electrical
properties [1–5]. SiGe alloy has the same crystallographic
structure as Si (over the entire composition range) but its lat-
tice constant is larger by 4.2 % compared to pure Si. How-
ever, epitaxial growth technologies have made the growth
of coherent Si1−xGex structures possible where the in-plane
SiGe lattice spacing exactly matches that of Si. Despite the
fact that the main commercial heterostructure based on SiGe
is the heterojunction bipolar transistor (HBT) [6], the com-
plementary metal-oxide-semiconductor (CMOS) research
has also focused on the use of SiGe material for boosting
the performances [7, 8]. New applications for CMOS are
emerging that are based on the crystalline properties of the
SiGe material: strained devices, high-mobility SiGe channel
transistors, or architectures where it is used as a sacrificial
layer. Application of the SiGe compound semiconductor in
the context of CMOS technology enables solutions based
on the trade-off between performance and cost. As SiGe is
just one step ahead of Si, the mature silicon technology with
highly developed arsenal of tools and well-established pro-
cessing is at hand being fully compatible with new schemes
and design platforms in which the compound semiconductor
and silicon coexist. By changing the alloy composition, the
electrical and optical properties can be modified at will via
so-called band gap engineering to meet the requirements of a
particular application. Introducing additional strain and en-
hancing the charge carrier mobility via Si/SiGe heterostruc-
ture architecture enables those applications in which tradi-
tionally III–V’s dominate to migrate nowadays to SiGe and
low-power CMOS technologies delivering appropriate per-
formance at much lower cost.

SiGe layers are already used as source/drain (S/D) re-
gions to induce uniaxial compressive stress in the Si chan-
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nel, which results in the enhancement of hole mobility in
p-type metal-oxide-semiconductor (PMOS) [9]. An alterna-
tive method for the formation of shallow strained SiGe S/D
regions consists in selective deposition of a pure Ge layer
on a Si substrate followed by the Ge–Si interdiffusion in-
duced by subsequent rapid thermal annealing (RTA) [10,
11]. The optimization of such a technology requires the pre-
cise evaluation of the Ge concentration in the full range of
composition and the understanding and control of the Ge–Si
interdiffusion phenomenon [10–12].

The most appropriate analytical technique with highest
detection sensitivity (subparts per billion) for measuring el-
emental concentrations is secondary ion mass spectrome-
try (SIMS) [13–19]. However, strong compositional depen-
dence of the secondary ion yield has always made quantifi-
cation in SIMS a painstaking job. The secondary ion inten-
sity of a particular species varies by orders of magnitude
due to a small variation in composition. This phenomenon is
known as the “matrix effect” in SIMS [20–24, 26–29]. When
the concentration of the analyzed element becomes too high
with respect to the reference material (Si in the present
work), matrix effects may be observed, thereby degrading
the reliability of the measured SIMS profiles strongly [30–
34]. This is the case with Si1−xGex layers, in which ma-
trix effects are systematically observed under conventional
SIMS experimental conditions. These effects increase with
the Ge atomic fraction. They are, however, reported to be
small for Ge concentrations lower than 30 at% [30, 31].
Many solutions have been proposed to reduce and/or sup-
press them, such as the use of an O+

2 primary ion beam at
normal incidence [35, 36]. In the case of an inclined O+

2
beam, a reduction of matrix effects for Ge atomic fractions
up to 50 at% has also been reported, provided that the im-
pact energy is lower than 3 keV [34, 37]. For higher Ge con-
tents, the detection of 74Ge76Ge secondary ions under Cs+
bombardment considerably reduces matrix effects. They are,
however, not completely suppressed for very high Ge con-
centrations (60 at%) [34]. Furthermore, primary ion energy
influences the apparent sharpness of the Si1−xGex layers
during the compositional analysis of such samples [38–41].
Secondary polyatomic ions, such as 28Si70Ge clusters under
O+

2 bombardment have also been used for Ge concentra-
tion profiling [33]. Recently, germanium quantification us-
ing negative ion detection in ToF-SIMS has also been in-
vestigated [42]. Although a fair linear correlation between
ion ratios and Ge/Si layer composition ratios was found,
nonlinear behavior was still present for Ge concentration
higher than 50 %, hampering the precision of analysis. Al-
though, the “full-spectrum method”, as an alternative proto-
col, was investigated, the practical difficulty was in simulta-
neous monitoring of more than 25 ionic species at one time,
with sufficient mass resolution to be able to separate possi-
ble interferences [42].

Table 1 SiGe alloy film thickness and composition obtained from
SIMS and EDS, respectively

Sample Thickness
(nm)

Estimated composition (at%)

Si Ge

SG1 190 98 ± 0.31 2 ± 0.39

SG2 215 94 ± 0.15 6 ± 0.46

SG3 207 91 ± 0.34 9 ± 0.90

SG4 256 75 ± 0.30 25 ± 0.63

SG5 238 49 ± 0.65 51 ± 0.45

SG6 198 35 ± 0.84 65 ± 0.42

SG7 233 28 ± 0.96 72 ± 0.40

SG8 195 27.5 ± 0.82 72.5 ± 0.34

MCs+-SIMS has drawn enormous attention due to its
low sensitivity to changing surface composition, and conse-
quently, has found to have remarkable advantages in quan-
tification without the need of standards [20, 21, 25–29]. In
this mode of analysis, the sample surface is bombarded with
Cs+ primary ions and the detection of an element M of inter-
est is made in the form of MCs+ molecular ions. The quan-
titative potential of MCs+ molecule is realized by assuming
that it is formed via combination of a neutral M0 atom with
a resputtered Cs+ ion in the near-surface region. The inter-
action between Cs+ and the ion-induced dipole moment of
M0 causes a strong correlation between MCs+ intensity and
atomic polarizability of the element M [43], thereby making
the MCs+ ion formation almost insensitive to the instanta-
neous local surface chemistry of the sample. The method
was successfully used for the analysis of Ge concentration
up to 23.5 % [44] in SiGe alloys. Quantification in the higher
range of Ge concentration in SiGe at low sputtering ener-
gies was also reported using MCs+ [45–47]. However, reli-
able results of analysis with the MCs+-SIMS method have
not been reported so far for SiGe layers with Ge contents
higher than 50 at%. The present work deals with a thor-
ough investigation on the use of MCs+-SIMS method for
the quantification of germanium concentration in Si1−xGex

(0 < x < 0.72) in a broad range of Cs+ impact energies
demonstrating the complete suppression of matrix effect in
SIMS quantification. The same methodology has success-
fully been applied for compositional analysis of a molecular
beam epitaxy (MBE)-grown Si/Ge superlattice structure.

2 Experimental

SiGe alloy samples with increasing germanium content (Ta-
ble 1) were grown using an solid source molecular beam
epitaxy (MBE) system (Compact 21, Riber, France). For all
samples, a 100 nm Si buffer layer was grown on cleaned
Si(100) substrates at 750 °C prior to alloy film deposition.
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Fig. 1 AFM topographic images (3 µm × 3 µm) of (a) SG1, (b) SG2, (c) SG3, and (d) SG4. Inset: corresponding height distributions

Si was evaporated by an e-gun at a rate of 0.1 nm/s. Ge ef-
fusion cell temperature was varied so as to achieve various
deposition rates. Substrate temperature and rotation speed
were 750 °C and 3 rpm, respectively during deposition. The
base pressure of the growth chamber was 2.5 ×10−10 Torr.

Surface morphology of films was studied by Atomic
Force Microscopy (AFM) in contact mode using Multimode
Nanoscope IV (VEECO Inc., USA). Energy dispersive X-
ray spectrometry (EDS) study was done with Quanta 200
FEG (FEI Co. (Netherlands)) in Low vacuum (LV) mode.
The electron acceleration voltage was 10 kV which sets a
probe diameter of about 4 nm. The sample was tilted at an
angle of 70◦ with respect to the electron beam. Such low
acceleration voltage and oblique incidence of the electron
beam with respect to the sample surface brings the depth
of X-ray generation more toward the surface of the probed
sample making the EDS technique surface sensitive. Conse-
quently, the silicon and germanium atoms confined within
a few hundred nanometers from the surface of the present
SiGe alloy films can be detected efficiently. EDS spectra
were taken at various parts of the samples chosen randomly
to ensure the reproducibility of the results. Secondary ion
mass spectrometry (SIMS) studies were performed using a
quadrupole mass spectroscopy-based SIMS instrument (HI-
DEN Analytical Ltd., UK) with a high-performance triple
quadrupole filter and a 45◦ electrostatic sector-field energy
analyzer. X-ray diffraction (XRD) experiments were per-
formed at the Indian Beamline, BL-18B at the Photon Fac-
tory in Tsukuba, Japan. The sample was illuminated by an
X-ray beam with wavelength λ = 1.08887 Å.

3 Results and discussions

Surface morphology of the deposited alloy films was stud-
ied using ex situ ambient AFM in contact mode. Scans were
performed over several regions of the films for different scan
areas. Typical AFM topographic images (3 × 3 µm2) of
four films with corresponding height distributions are shown

Fig. 2 EDS spectrum of SiGe alloy film. Inset: Comparison of nor-
malized EDS spectra for various Si1−xGex films

in Fig. 1. As evident from the images, the morphology of
SG1 shows pronounced roughness, with estimated top r.m.s.
roughness σ ∼ 2.1 nm. However, the top r.m.s. roughnesses
for SG2, SG3, and SG4 were much less and were found to
decrease with increasing the germanium content. The esti-
mated top r.m.s. roughnesses were 0.14 nm, 0.13, nm and
0.10 nm for SG2, SG3, and SG4, respectively.

Figure 2 shows a typical EDS spectrum of deposited SiGe
alloy film. For comparison, we have normalized the individ-
ual EDS spectrum by the corresponding silicon Kα inten-
sity. The normalized EDS spectra (inset; Fig. 2) show that
the germanium Lα signal intensity increases monotonically
with increasing germanium content of alloy films. The quan-
titative analysis was performed with a thin film standardless
software program using the characteristic X-ray line of each
element. EDS patterns were taken at various parts of the
samples chosen randomly and it was found that the compo-
sition of the alloy films are very uniform for all the samples.
Compositions of the alloy films are listed in Table 1.

In order to check the crystallinity of the deposited al-
loy films, XRD measurements were carried out. The sample
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Fig. 3 Typical X-ray diffraction pattern of the alloy samples

was mounted horizontally on an 8-circle goniometer (Hu-
ber, Germany) at the focal point of the focusing mirror of
the beamline. The scattered X-ray beam was collected by a
single channel scintillation detector mounted at a distance of
380 cm on to the 2θ arm of the goniometer. A slit of dimen-
sion 1.5 mm (horizontal) × 0.25 mm (vertical) was mounted
prior to the detector to increase the signal-to-background ra-
tio. The slit settings were kept unaltered for all diffraction
and reflectivity (XRR) measurements. Figure 3 shows a typ-
ical XRD pattern of the alloy samples around Si (400) peak
of the substrate observed at 23.639◦. The less intense peak
in the low theta region of the XRD pattern corresponds to the
deposited Si1−xGex alloy layer. Since the lattice parameter
of germanium is larger (4.2 %) than that of silicon, the alloy
peak shifts towards low theta direction with increasing ger-
manium content as the lattice parameter of Si1−xGex alloy
increases with x. The lattice parameters extracted from the
alloy peaks have been utilized to estimate the alloy composi-
tions using Vegard’s law. The results are found to be in good
agreement with that obtained independently from EDS.

In order to measure SiGe alloy layer thickness SIMS
depth profile was carried out. 3 keV Cs+ primary ions was
used for conventional SIMS depth profile measurement and
negative secondary ions (Si− and Ge−) were monitored. Pri-
mary ion current was kept fixed at 60 nA. The primary beam
was rastered over a region of 1000 × 1000 µm2 while sec-
ondary ions were collected from a region of 200 × 200 µm2

located at the center of the rastered area. Depth of the ero-
sion crater was measured using Dektak 3ST (Veeco, USA)
surface profilometer. Typical SIMS depth profiles of Si and
Ge in an alloy are shown in Fig. 4. The thickness of the
deposited alloy layers were ∼200 nm. It is evident from
the SIMS depth profiles that the alloy composition is ho-
mogeneous over the depth of the film. However, the inter-
face broadening occurs due to the in-diffusion of germa-
nium into the silicon buffer layer, which is possibly due to

Fig. 4 SIMS depth profile of SG3

the effect of elevated temperature during growth of the alloy
films. Measured alloy film thickness for all samples have
been presented in Table 1. In most of our samples, the SiGe
film thickness was above critical thickness corresponding to
respective Ge content [48]. Therefore, full relaxation is ex-
pected except the case for the lowest Ge content layer. Al-
though strained high quality films are relevant for device ap-
plications, it has no influence in SIMS measurements as the
sample surface is amorphized quite rapidly during ion beam
sputtering.

3.1 MCs+-SIMS study of the Si1−xGex alloy samples

For the MCs+-SIMS study, the samples were bombarded
with 1–5 keV Cs+ primary ions while the beam current was
kept fixed (60–150 nA). The impact angle was 75◦ with re-
spect to surface normal. Both SiCs+ and GeCs+ signals re-
main steady over the entire film indicating a homogeneity in
composition of the grown alloy films. The MCs+ intensity
for a species M is given by [49]

IMCs+ ∝ YcMYcCsP
+fMCs+ (1)

where Y,P +, and fMCs+ are the total sputtering yield, ion-
ization probability of cesium, and formation probability of
MCs+ molecular ions, respectively. cM and cCs are the frac-
tional surface concentrations of the species M and cesium,
respectively. Considering the constancy of the formation
probability fMCs+ [27] for both germanium and silicon, Eq.
(1) can be rewritten as

IGeCs+

ISiCs+
= K

cGe

cSi
(2)

where K is a constant and can be treated as the “relative
sensitivity factor” (RSF) for compositional analysis using
MCs+-SIMS approach.
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Fig. 5 Normalized GeCs+ intensity as a function germanium concen-
tration ratio

Figure 5 depicts the variation of IGeCs+/ISiCs+ as a func-
tion of cGe/cSi, obtained from EDS (Table 1), for vari-
ous impact energies. The linearity of the curves, irrespec-
tive of germanium and silicon contents, for all impact ener-
gies clearly reveals the absence of “matrix effect” even for
high germanium concentration; whereas some earlier stud-
ies reported the absence of matrix effect for impact energy
lower than 1 keV and germanium content less than 50 %
[47]. Compensation of the matrix effect irrespective of im-
pact energy in our case can be attributed to low steady-
state surface concentration of cesium due to larger primary
impact angle. The ratio of the formation probabilities of
SiCs+ and GeCs+, in the present case, remains constant
for the entire germanium concentration range while appar-
ently the same varies in the other cases. The “matrix ef-
fect minimization” for all possible Si1−xGex compositions
in the present case could be due to the lower steady-state
cesium surface-concentration because of relatively higher
sputtering yield of the target material under 75◦ impact an-
gle.

Figure 6 shows the monotonic increase of the RSF’s
with bombarding energies. The RSF’s have been obtained
through fitting of IGeCs+/ISiCs+ data points with a straight
line (Table 2). Although RSF shows a increasing ten-
dency with impact energy (Fig. 6), it is always advisable
to use low impact energy to ensure less beam-induced
surface damage yielding improved depth resolution. How-
ever, it can be safely stated that for all practical ana-
lytical purposes low impact energy can be used with-
out compromising elemental sensitivity, since the increas-
ing trend of RSF with impact energy is inappreciable
(Fig. 6).

Fig. 6 Relative sensitivity factor for various primary impact energies

Table 2 Relative sensitivity factors for different impact energies

Energy (keV) RSF Error

1.0 0.3666 0.0030

1.5 0.3772 0.0017

2.5 0.3916 0.0088

5.0 0.4308 0.0041

3.2 MCs+-SIMS approach for compositional analysis of
Si/Ge multilayer

Having discussed the quantitative potential of MCs+-SIMS
for complete suppression of matrix effect and the calibra-
tion procedure of the MCs+ intensity, we now apply this
methodology for direct compositional analysis of an MBE
grown Si/Ge multilayer structure. For this purpose, ten suc-
cessive Si/Ge bilayers were grown on a Si buffer layer of
750 Å and a Si cap layer of 335 Å was deposited on the top.
The nominal thickness of a Si/Ge bilayer in the multilayer
stack was ∼10 nm. During sample growth, the substrate (Si
(001) wafer) was kept at 400 °C and the deposition rate for
both Si and Ge was 0.5 Å/s. The details of sample prepara-
tion were discussed elsewhere [50].

MCs+-SIMS analysis has been performed under Cs+
bombardment with an impact energy of 1.5 keV and impact
angle of 75◦. A low primary current of 50 nA was used in or-
der to achieve low erosion rate and thereby high depth reso-
lution. The primary beam was rastered over a region of 1000
× 1000 µm2 and MCs+ ions were collected from the cen-
tral region (200 × 200 µm2) of the rastered area. Depth of
the erosion crater was measured at the end of analysis. Fig-
ure 7 shows the MCs+-SIMS depth profile of the Si/Ge mul-
tilayer indicating the presence of 10 bilayers in the sample.
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Fig. 7 Concentration profiles of Ge and Si as obtained from MCs+
SIMS. The right-hand scale represents the corresponding GeCs+ and
SiCs+ signal intensities

Fig. 8 Electron density profile of 10 Si/Ge bilayers as obtained from
XRR (blue solid line) and MCs+ SIMS (red circles). Two vertical
dashed lines indicate expected buffer and cap layers

Interface broadening due to possible interdiffusion across
the layers is clearly evidenced. Such interdiffusion is likely
to have occurred during MBE growth itself and/or possibly
due to ion beam induced interface mixing. The depth (z)
distributions of Ge and Si concentration, cGe(z) and cSi(z),
have been determined from the intensity ratio of GeCs+ and
SiCs+ clusters utilizing the RSF corresponding to 1.5 keV
(Table 2) and following the methodology described in the
previous section.

Using the concentration profiles obtained through MCs+-
SIMS approach, we have extracted the electron density pro-
file ρe(z) of the multilayer applying the expression

ρe(z) = NA

∑

M=Ge,Si

ZMcM(z)

AM

(3)

where NA, ZM , cM(z), and AM are the Avogadro num-
ber, atomic number, concentration profile, and mass num-
ber of the constituent element M (Ge and Si), respectively.
Equation (3) has been used to extract electron density pro-
file (EDP) (red circles) of the multilayer stack utilizing the
MCs+-SIMS data (Fig. 8). Blue solid line in the figure rep-
resents EDP of the same multilayer extracted independently
from the X-ray reflectivity (XRR) study [50]. It is obvi-
ous from the figure that interface positions of the multilayer
stack are well reflected from these two measurements. How-
ever, the absolute values of the electron densities obtained
from these two measurements have differences. This could
be possibly due to some intermixing of Si and Ge occurring
in the multilayer stack under the impact of energetic Cs+ ion
beam during SIMS measurements.

4 Conclusion

A direct composition analysis of MBE grown Si1−xGex al-
loy structures has been made using MCs+-SIMS approach.
The conventional “matrix effect” in SIMS has been found to
be completely suppressed for all germanium concentrations
irrespective of impact ion energy. Quantification of germa-
nium content has essentially been achieved through pre-
cise estimation of “relative sensitivity factor” (RSF) based
on the proposed formation mechanism of MCs+ molecu-
lar ions. The novel methodology has successfully been ap-
plied in generating EDP of an MBE grown Si/Ge superlat-
tice structure and the results have been found to be in good
agreement with EDP independently extracted through X-
ray reflectivity, demonstrating the potential applicability of
MCs+-SIMS approach in quantitative compositional analy-
sis of Si/Ge superlattice and SiGe alloys structures.
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