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Abstract
3D atom probe tomography (APT) is introduced as a powerful compositional
and spatial analytical tool for SiGe nanostructures. Compositional analysis
of SiGe structures demonstrates that the location and identity of Si, Ge and
B atoms can be detected in three dimensions. Superior sensitivity at
Si–SiGe–Si interfaces is specifically witnessed by both the quantification of
Ge accumulation at an interface (14% by atom probe versus 9% by SIMS)
and a slope roll-off of ∼1 nm/decade for atom probe compared to
∼7 nm/decade for the corresponding SIMS analysis. Additionally, APT
provides chemical roughness measurements of buried interfaces. In a
specific case, a Si–SiGe–Si interface had a measured roughness of
0.47 nm at the Si–SiGe leading edge and 0.26 nm at the SiGe–Si trailing
edge.
(Some figures in this article are in colour only in the electronic version)

1. Introduction

2. Experimental apparatus

As SiGe finds broader use in nano-devices, greater
attention has been focused on understanding the capabilities
and limitations of techniques for compositional analysis
[1–3]. As feature length scales in these devices shrink
below 10 nm, variations in the chemical composition of these
devices—specifically the location of dopant atoms and the
quality of interfaces between regions—may have a significant
impact on the final electrical characteristics of the device.
As a result, it is important to monitor, as near to the
atomic level as possible, the chemical composition of these
nanostructures.
The addition of high speed laser pulsing and a Local
ElectrodeTM geometry has transformed the 3D atom probe
into a characterization tool that is capable of analysing Sibased nanostructures on an atom-by-atom basis [4–6]. In order
to demonstrate the applicability of atom probe tomography
(APT) to the study of SiGe, doped and undoped SiGe structures
were successfully analysed with a laser-assisted local electrode
atom probe. The results correlate favourably with secondary
ion mass spectrometry (SIMS).

All atom probe experiments were run in the LEAP3000XTM
system from Imago Scientific Instruments [4].
Field
evaporation was achieved with an ultra-fast pulsed laser
system. With a duty cycle of 250 kHz and an evaporation rate
of 4%, approximately 36 million atoms h−1 were collected.
For a 50 nm analysis radius this resulted in a data collection
rate of 3 nm min−1. The base temperature of the sample
was maintained at 40 K and the analysis chamber pressure
was kept lower than 10−8 Pa. The depth resolution of the
atom probe ranges between 0.2 and 0.4 nm depending on
the material system analysed [4]. The measurement error of
atomic concentrations depends on Poisson statistics, which is
a function of the total number of atoms counted within each
volume of interest [4–6].
The SIMS was performed in a PHI quadrupole system
with a 1 keV Cs+ beam at a 60◦ angle. The SIMS spot size was
25 microns in radius. No oxygen flood was utilized, and an
electron flood gun provided charge neutralization. The error
in quantification of Ge and B by SIMS was less than 0.1%.
The SIMS analysis was performed opposite the growth rate
for each of the film stacks discussed.
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Figure 1. 3D atom map of a SiGe–Si–SiGe test structure. For
clarity, the image is shown in 2D projection. Si atoms: grey dots.
Ge atoms: black dots.

Figure 3. 3D atom map of a B-doped SiGe layer. B atoms are
rendered as blue spheres, sized larger for emphasis. Si atoms: grey
dots. Ge atoms: black dots.
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Figure 4. 1D composition profile for atom map in figure 3 along
with SIMS correlation.
Figure 2. 1D composition profile for the atom map in figure 1.

Samples were prepared in an FEI Nova-235 dual beam
FIB. The region of interest was protected by e-beam assisted
Pt deposition in the FIB with an e-beam energy of 2 keV.
The samples were extracted using the FIB lift-out and mount
technique described elsewhere [7, 8]. The extracted samples
were milled into an appropriate atom probe tip form with
75 nm radius of curvature followed by a low keV Ga clean-up
mill, also as discussed elsewhere [9, 10].

3. Compositional analysis
The effectiveness of atom probe tomography at analysing
SiGe nanostructures was evaluated on three distinct materials
systems.
The successful analysis of these systems
demonstrates the capability of atom probe analysis to obtain
spatial and compositional information concerning a generic
SiGe system.

atom-map by creating an analysis cylinder along the analysis
(depth) direction. The cylinder utilized was 5 nm in radius
and sliced into 0.33 nm thick discs. The atoms within each
slice were tabulated to determine the atom concentration as
a function of depth. The 1D composition, along with SIMS
comparison, is shown in figure 2. The axes in figure 2 are
shown in both %concentration (SIMS and APT) and number
of atoms per slice (APT only). The measurement error for the
Ge concentration as measured by APT is ±0.7%; as measured
by SIMS, it is <0.1%.
Both SIMS and APT successfully quantified the Ge
concentration in each SiGe layer (6% for the upper layer and
9% for the lower) and measured the thickness of the Si layer in
between the SiGe layers. The atom probe technique offers
a superior depth resolution of the buried interface, with a
slope roll-off of ∼1 nm/decade, compared to 7 nm/decade
with this SIMS analysis. Additionally, both techniques have
detected an accumulation of Ge at the Si–SiGe interface. The
peak accumulation measured in the atom probe was 14%
versus 9% measured by SIMS; a difference which exceeds
the experimental error.

3.1. SiGe–Si–SiGe

3.2. Si–SiGe:B–Si

The first system consisted of a SiGe–Si–SiGe multilayer stack
deposited by CVD deposition. This stack was analysed in
the laser atom probe and correlated with the SIMS analysis.
The resulting 3D atom map is shown in figure 1. For visual
clarity, the image is shown in 2D projection. The Si atoms
(light grey dots) and the Ge atoms (dark black dots) are shown
at 2% and 20% of the actual concentration respectively. A 1D
composition profile of the structure is extracted from the 3D

The second material analysed was a B-doped SiGe layer,
situated between two undoped Si layers. The resulting 3D
atom map is shown in figure 3 where 2% of the Si atoms (grey
dots), 20% of the Ge atoms (dark black dots) and 100% of
the B dopant atoms (large spheres) are shown. It is evident
from the atom map that a small amount of B diffusion, from
the SiGe layer and into the underlying Si, has occurred. A
1D composition profile in the analysis direction was obtained
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Figure 5. 3D atom map of a Si–SiGe–Si:B layer. Si atoms: grey
dots. Visualizations of the B (left) and Ge atoms (right) are shown
in separate maps for clarity.

growth direction

Figure 6. 1D composition profile for atom map in figure 5.

by creating an analysis cylinder 25 nm in radius, cutting the
cylinder into 1 nm discs and tabulating the atoms within each
slice. On average there were ∼75 B atoms/slice in the SiGe
region for a dopant concentration of 3.9 × 1019 cm−3 ± 4 ×
1018 cm−3. This compositional analysis is shown in figure 4
along with the SIMS correlation. The 1D composition profiles
verify that there was some diffusion of B into the underlying
Si and also show a slight rarification of Si towards the top of
the SiGe layer. Because B has diffused into the underlying Si
and not into the top Si layer, it is likely that the B diffusion
occurred during the SiGe deposition process.
3.3. Si–SiGe–Si:B
The third analysis was of a B-doped Si layer directly below
an undoped SiGe layer. The resulting 3D atom map is shown
in figure 5 with the corresponding 1D compositional analysis
shown in figure 6. The analysis field of view on this sample was
∼170 nm in diameter, which is more than large enough
to contain most nanostructures of interest. The B dopant
concentration rises to a maximum level of 5 × 1020 cm−3.
There appears to be considerable diffusion of B from the
underlying Si layer into the SiGe layer.
3.4. Analysis
While SIMS and atom probe correlate well, there are some
distinct differences between the two techniques. These
differences are attributed to the different mechanisms utilized
to extract atoms from the sample. The laser atom probe
removes atoms one at a time by the dual mechanism of

electric field ionization followed by pulsed field evaporation
[11–14]. Mass detection occurs by a time-of-flight instrument
measurement and atom species are collected with equal
efficiency across the entire mass range. The implication is
that a single atom probe analysis provides the location and
chemical identification of each species of atom with no need
for multiple analyses. The SIMS analysis employs an energetic
ion beam that actively sputters atoms from the surface of the
material. This sputter removal process mixes the top several
nm of the exposed surface. Additionally, the energetic primary
ion beam drives certain atomic species deeper into the sample,
inhibiting the characterization of sharp composition gradients
[15–19]. The result is an exaggeration of the transition
between two layers or accumulation artefacts at this interface.
It is also not uncommon to see aberrations in the B profile
during a SIMS analysis of SiGe [20, 21]. Ge is best collected
with a Cs+ primary ion beam while O+2 is typically utilized for
B detection. Additionally, the sputter and ionization rate of B
varies as a function of Ge concentration. This can typically
be corrected for but complicates—thereby adding a level of
uncertainty to—the analysis. For this reason, SIMS analysis of
B-doped SiGe typically requires at least two analyses, which
are then overlaid. In order to improve profiling accuracy,
one may also perform a back-side SIMS analysis to create a
comparison of the composition profile at important interfaces
[18, 19].
The comparative advantages of both SIMS and atom
probe are demonstrated in the analyses discussed. In all
cases, the atom probe provided superior slope roll-off at the
interface. This is particularly evident in figures 2 and 4 for
the quantification of the Ge concentration. Ion mixing of
the sputter surface during SIMS has blurred the interfaces
between the SiGe and Si layers, and the Ge is clearly being
driven into the wafer at the SiGe–Si interface. With regard
to the undoped SiGe–Si–SiGe structure, figure 2, both the
atom probe and the SIMS analysis quantified an accumulation
of Ge at the SiGe–Si interface. However, APT quantifies a
markedly higher concentration of Ge (14% ± 0.7%) at the
interface as compared to SIMS (9%). Accumulation artefacts
such as these are known to occur in SIMS analysis, and
back-side SIMS may be required to verify the accumulation
[18, 19]. Without a third analysis technique, it is difficult to
make a strong statement as to whether this accumulation is
14% or 9%. However, because the atom probe technique is
inherently more sensitive to abrupt interfaces, one can argue
that the 14% peak Ge accumulation at the interface measured
by APT is more likely than the 9% measured by SIMS.
Finally, the atom probe quantification of the dopant atoms
displays some variation, figure 4, across a region of uniform
B doping. This variation is, in fact, the actual variance in B
atoms throughout the non-homogeneously doped structure.
Consider the analysis cylinder dimensions (25 nm radius,
1 nm thick slice) used to tabulate the 1D composition profile.
There are, on average, 75 dopant atoms per slice. Poisson
statistics indicate a variation of ±8 dopant atoms per slice.
Dividing the number of dopant atoms (75) by the volume of
the slice (1963 nm3), determines the volume concentration
and variation stated in section 3.2 of 3.9 × 1019 cm−3
±4 × 1018 cm−3. While the use of log scales somewhat
obscures the magnitude of this variance, it represents the actual
S129
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were calculated at the leading Si–SiGe and trailing SiGe–Si
edges respectively. In addition, the distribution of B atoms
is shown (dark spheres) across these surfaces. While there
is considerable B decoration along the surface of the trailing
edge, there is virtually no dopant decoration of the leading
edge. This matches well with the 1D compositional analysis,
which shows a rarification of B at the leading Si–SiGe layer
and a migration of dopant atoms into the underlying Si at the
end of the SiGe layer.

5. Conclusion

Figure 7. Chemical roughness analysis for the Si–SiGe:B–Si
system. The top (leading Si–SiGe) and bottom (trailing SiGe–Si)
surfaces had a roughness of 0.47 nm and 0.26 nm respectively. The
dopant atoms that decorate the surface (i.e. are within 0.5 nm of the
surface) are shown as dark-coloured spheres.

nanoscale non-uniformity in the arrangement of dopant atoms
within the material. With regards to 1D compositional analysis
it also represents a pragmatic lower limit for dilute species
detection in the atom probe. The solution to this limit is to
employ a larger area, or field of view, for the analysis. SIMS
takes this to the extreme with an area ∼50 000 times larger.
The result is a virtual elimination of atomic location variance
and a superior sensitivity to dilute species during the SIMS
analysis.

4. Interface analysis
In addition to compositional analysis, the knowledge of atom
locations allows one to perform a careful analysis of the
interface between specified layers. Specifically, the interface
between any two layers was analysed by constructing an isochemical contour across the buried interface for the dataset
shown in figure 3. This isocontour was defined at the point
where the local concentration of a given species of atom had
risen above or had fallen below a specified value. The average
roughness of the interface was then calculated using the ASME
B46.1-2002 standard. Because this technique relies upon an
analysis of the variation in chemical concentration, it provides
a ‘chemical-roughness’—which may be different from the
physical roughness measured by atomic force microscopy
(AFM).
This chemical roughness calculation was performed for
the Si–SiGe:B–Si system of section 3.2. The associated
isocontour maps are shown in figure 7. The leading Si–SiGe
and trailing SiGe–Si interfaces were defined where the Ge
concentration crossed the 8% concentration threshold. In
this case, chemical roughnesses of 0.47 nm and 0.26 nm
S130

These experiments demonstrate the applicability of the 3D
tomographic atom probe as a compositional tool for analysis of
SiGe nanostructures. The technique correlates favourably with
measurements made on these same structures using SIMS.
The ability to map the location and to determine the identity
of atoms in 3D space within a SiGe nanostructure gives rise
to sensitive compositional analysis at interfaces without the
artefacts associated with SIMS. Furthermore, the knowledge
of atom positions allows for the calculation of the chemical
roughness of buried interfaces and for the visualization of
dopant atom decoration along these interfaces. Expanded use
of this technique should allow for the mapping of entire SiGe
nanostructures which would contain 2D and 3D distributions
of dopant atoms along with other site-specific features of
interest.
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