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We report comparison of the interfacial sharpness characterization of germanium (Ge) isotopic
multilayers between laser-assisted atom probe tomography (APT) and secondary ion mass
spectrometry (SIMS). An alternating stack of 8-nm-thick naturally available Ge layers and
8-nm-thick isotopically enriched "°Ge layers was prepared on a Ge(100) substrate by molecular
beam epitaxy. The APT mass spectra consist of clearly resolved peaks of five stable Ge isotopes
(70Ge, 72Ge, 73Ge, 74Ge, and 76Ge). The degree of intermixing at the interfaces between adjacent
layers was determined by APT to be around 0.8 = 0.1 nm which was much sharper than that
obtained by SIMS. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773675]

Technological interest in germanium (Ge) as an elec-
tronic material is increasing, thanks to its higher carrier
mobilities than those found in silicon (Si)."! Among many de-
vice processing related issues, an in-depth understanding of
the dopant diffusion and electrical activation in Ge is crucial
for the realization of Ge-based integrated circuits. Isotopic
multilayer Ge samples are ideal for experimental probing of
dopant behavior during impurity doping (e.g., ion implanta-
tion) and subsequent thermal cycles for activation, since they
enable us to evaluate not only the behavior of the dopant but
also that of host Ge atoms simultaneously.?™®

The isotopic multilayers which we studied are composed
typically of alternating layers of different stable isotopes and
have been shown useful for the investigation of self-
migration by probing the change in the spatial distribution of
various isotopes around the interfaces.”® Such isotopic mul-
tilayers are fabricated by molecular beam epitaxy and/or
chemical vapor deposition using isotopically-enriched sour-
ces to control the stable isotopic composition along the
growth direction. Diffusion of dopants and host semiconduc-
tor atoms can be probed simultaneously by probing the dop-
ant depth profiles and the sharpness of isotopic interfaces by
secondary ion mass spectrometry (SIMS). However, the arti-
facts caused mainly by a primary ion bombardment, i.e.,
atomic mixing, during the SIMS measurement are detrimen-
tal especially when atomic-scale evaluation of dopant and
host-atom migration are needed for state-of-the-art device
development. The spatial resolution of SIMS, as we will
show in this work for Ge, is far insufficient for atomic-scale
characterization. Moreover, SIMS profiling is limited to one-
dimension. Therefore, a method to probe distribution of dop-
ants and host semiconductor atoms in three-dimension with
the spatial resolution of the atomic level is needed. In this
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regard, the laser-assisted atom probe tomography (APT) is
an excellent candidate.

Laser-assisted APT has been adopted originally for prac-
tical metrology’'? and employed subsequently for three-
dimensional (3D) elemental mapping of modern electronic de-
vice structures'>'° and quantitative evaluation of the interface
sharpness of layer structures'’ > with the order of atomic-
scale resolution. The unsurpassed spatial and isotopic resolu-
tions of APT have been proven already in characterization of
28i/29Si interfaces in Si isotopic heterostructures.'’'® The
present paper demonstrates atomic-scale characterization of
Ge isotopic multilayers composed of a stack of isotopically-
enriched "°Ge and naturally available Ge (referred to as "Ge
hereafter) layers. Note that "'Ge is composed of five stable
isotopes in the fixed composition ("°Ge: 20.5%, "*Ge: 27.4%,
"Ge: 7.8%, "*Ge: 36.5%, and "°Ge: 7.8%).>°

The structure of the Ge isotopic multilayers employed in
this work is shown in Fig. 1(a) and detailed descriptions of
such sample preparation are given in Refs. 6 and 7. In short,
a 2-in. (100) "Ge wafer was employed as a substrate. A
~100 nm-thick "Ge buffer layer was grown to form a
smooth surface followed by the growth of periodic layers of
isotopically-enriched "°Ge and " Ge at a substrate tempera-
ture of 250°C. The isotopic multilayers were composed of
five stacks of enriched "°Ge(8 nm)/"*Ge(8 nm) pair layers
with a ~50 nm-thick ""Ge cap layer on the top. The "'Ge
capping works as a protection layer against the ®*Ga focused
ion beam (FIB) irradiation used to shape the structure into
a needle as outlined in Fig. 1(a). A laser-assisted local-
electrode atom probe (LEAP3000X HR, Ametek) with a
green laser (wavelength: 532nm) was employed for APT.
The pulsed laser power was 0.5 nJ with a frequency of
200kHz. The ion detection efficiency was approximately
37%. The base temperature of the needle specimens was
cooled down to 50K to inhibit surface migration during

© 2013 American Institute of Physics
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FIG. 1. (a) A schematic illustration of the Ge isotopic multilayers. The out-
line of the needle specimen for APT is also shown. (b) A 3D reconstructed
mapping (20 nm-slice) of °Ge (dark blue), “Ga (yellow), and '>C (red)
atoms in a volume of 80 x 80 x 230 nm?>. Only 5% of the entire atoms are
displayed for the "°Ge mapping.

ionization and extraction of the atoms from the needle. For
the 3D mapping of the Ge isotopes using the Integrated Visu-
alization and Analysis Software (ivas) protocol,”’ singly
(Ge™) and doubly charged (Ge*") peaks were selected. The
charge state ratio, Ge*"/Ge ", was approximately 0.17. For
comparison with respect to the depth resolution, SIMS meas-
urements (PHI ADEPT1010) were performed to obtain the
depth profiles of "°Ge and "*Ge.

Figure 1(b) exhibits a 3D mapping image of the "°Ge
composition in the Ge isotopic multilayer samples. In this
map, ®Ga was seen in the "'Ge capping layer only, indicat-
ing that the stacks of °Ge/™Ge layers were not damaged
during sample preparation by the Ga FIB. In addition, a pile-
up of residual 'C atoms was observed at the interface
between the "Ge buffer layer and the ""Ge substrate. In
fact, we use this carbon pile-up to identify the position of the
substrate surface in the APT analysis. It should also be noted
that the planar interfaces guaranteed for the °Ge/"*Ge sam-
ple prepared by the layer-by-layer growth can serve as the
guideline for improving the 3D image reconstruction pre-
senting the IVAS protocol.

Figure 2(a) shows the atom mapping for the all five sta-
ble Ge isotopes (70Ge, 72Ge, 73Ge, 74Ge, and 76Ge) in the Ge
isotopic multilayers. The mass spectra of Ge™ and Ge? " sig-
nals obtained from the first "°Ge and "Ge pair are shown in
Figs. 2(b) and 2(c), respectively. From the integrated areas
of the Get and Ge?* peaks, we can deduce the isotopic com-
position in the enriched 70Ge solid-source (Fig. 2(b)): Ge:
95.78% * 0.64%, "*Ge: 4.15% +0.13%, "Ge: 0.03%
+0.01%, "*Ge: 0.03% = 0.01%, and "°Ge: 0.01% = 0.01%.
The isotopic composition in the "' Ge layer (Fig. 2(c)) is also
obtained in the same manner: °Ge: 20.68% = 0.32%, 2Ge:
28.02% *=0.37%,  "Ge:  7.88% *020%,  “Ge:
36.21% + 0.42%, and "°Ge: 7.22% = 0.19%, which is in
good agreement with the established values of natural iso-
topic abundances.”®
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FIG. 2. (a) The atom mapping of the five Ge stable isotopes ("°Ge, "*Ge,
3Ge, "Ge, and "°Ge) in the Ge isotopic multilayers. Doubly (Ge*") and sin-
gly charged (Ge™) peaks in the mass spectra in the Ist pair of the "°Ge and
"“Ge layers (selected volume: 20 x 20 x 3 nm?>) are shown in (b) and (c),
respectively.

Figure 3(a) shows the depth profiles of the "°Ge and "*Ge
(the most abundant stable isotope in ""'Ge) obtained from the
integration within the cross-sectional area of 10 x 10 nmz,
together with the profiles by SIMS under the bombardment of
primary ions Cs* with an energy of 1keV. Apparently, the
APT profiles show much sharper interfaces than the ones
recorded by SIMS. Although the SIMS profiles do not show
the plateau regions in both the enriched °Ge and "'Ge layers,
APT profiles exhibit steeper interfaces, thanks to the absence of
artifacts such as atomic mixing. Enlarged mapping of the five
stacks of "°Ge/™Ge layers in a volume of 10 x 10 x 100 nm®
is displayed in Fig. 3(b) for both "°Ge and "Ge. For high-
lighting the "°Ge/*Ge interfaces, the iso-concentration sur-
face of 50% of °Ge is shown in both of the °Ge and "*Ge
mappings. In this analysis, the averaged surface roughness
(S,: the average of the absolute values of the measured
height deviations from the ideally flat interface) for ten iso-
concentration surfaces was found to be 0.10 = 0.01 nm in the
area of 10 x 10 nm>.

Let us now discuss the comparison of the present
results on Ge with those obtained for Si previously. For Si,
APT analysis has been proven useful for obtaining dopant
distribution and interface structures in modern electronic
device structures.>'® Our recent APT characterization of
Si isotopic multilayers showed very high spatial resolution,
0.4 nm/decade, at interfaces of 285i/°°Si heterostructures.'®
In order to evaluate the interfacial sharpness at each specific
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FIG. 3. (a) Depth profiles by APT (solid curves) of °Ge and "*Ge in the Ge
isotopic multilayers obtained from an area of 10 x 10 nm?, overlaid with the
SIMS profiles (broken curves). (b) "°Ge and "*Ge mappings in a volume of
10 x 10 x 100 nm*® with the iso-concentration surfaces of "°Ge at 50% for
highlighting the "°Ge/""Ge interfaces.

interface, the proximity histogram composition®® (proxi-
gram: a profile of local atomic concentrations vs. proximity
to an interface) is employed for this assessment. Figure 4
shows the proxigram of "°Ge across the "°Ge/™Ge within
an area of 10 x 10 nmz, overlaid with 2%Si profile at 285/30s4
interface. Both the Ge and Si samples were measured under
practically the same conditions (APT apparatus:
LEAP3000X HR, laser wavelength: 532 nm, sample base
temperature: 50K, laser power: 0.5 nJ). The slope at the
0Ge/™Ge interface was determined to be 0.8 = 0.1 nm by
evaluating the 16%-84% concentration change? in the
Ge profile. Figure 4 shows very little difference in the
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FIG. 4. Proximity histogram composition profiles of "°Ge and 2%Si isotopes
across the iso-concentration surface of 50% for Ge and Si isotopic multi-
layers, respectively.
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sharpness of the Ge and Si samples measured by APT.
However, the evaporation field required for Ge is lower
than that for Si (Ge*": 29 V/nm, Si**: 33 V/nm).*® Due to
the lower electric field required for Ge, one can evaporate
an atom on needle apex with lower standing voltage than in
Si, which allows suppression of sample fracture probability
during APT measurements. This advantage is of importance
for characterizing advanced Ge-based electronic devices
with high yield ratio.

In summary, the isotopic concentration profiles in
OGe/"Ge multilayer samples were obtained by laser-
assisted atom probe tomography. The 3D atomic distribu-
tions of the five Ge stable isotopes were clearly resolved
using singly and doubly charged Ge peaks in the atom probe
tomography mass spectra. The sharpness of the interface
0.8 £ 0.1 nm revealed by the atom probe was much steeper
than the depth profiles obtained by SIMS. The intrinsic spa-
tial resolution obtained for germanium is approximately the
same with the one obtained for silicon in the past.
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