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Ge/Si and Si/Ge core-shell nanowires (NWs) have substantial potential for application in many kinds of

devices. Because impurity distributions in Ge/Si and Si/Ge core—shell NWs strongly affect their electrical

properties, which in turn affect device performance, this issue needs urgent attention. Here we report an

atom probe tomographic study of the distribution of boron (B), one of the most important impurities, in

two kinds of NWs. B atoms were doped into the Si regions of Ge/Si and Si/Ge core—shell NWs. It was
found that the B atoms were randomly distributed in the Si shell of the Ge/Si core—shell NWs. In the Si/Ge
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Introduction

In recent years, considerable research has been carried out on
investigating silicon (Si) and germanium (Ge) based semi-
conductor nanowires (NWs), owing to their substantial poten-
tial for application in many kinds of devices, such as metal-
oxide-semiconductor field-effect transistors, and their compati-
bility with the current semiconductor technology. In par-
ticular, Ge/Si and Si/Ge core-shell NWs have attracted special
attention because of the band offset effect between Ge and
Si.°'° In Ge/Si and Si/Ge core-shell NWs, the impurity can be
selectively doped into either the core or shell region. Due to
the band offset effect, impurities and carriers are separated in
the core and shell regions, which markedly reduces the carrier
scattering rate."* Therefore, the characterization of impurity
distributions in Ge/Si and Si/Ge core-shell NWs is an impor-
tant issue.

The impurity distributions in Si and Ge NWs have been
studied extensively, both experimentally and theoretically.'*™°
However, for Ge/Si and Si/Ge core-shell NWs, the impurity dis-
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core-shell NWs, on the other hand, the B distributions depended on the growth temperature and the
B,Hg flux. With a higher growth temperature and an increased B,Hg flux, the B atoms piled up in the outer
region of the Si core. However, the B atoms were observed to be randomly distributed in the Si core after
decreasing both the growth temperature and the B,Hg flux.

tributions are not yet well understood. The impurities in Ge/Si
and Si/Ge core-shell NWs have recently been studied by using
Raman spectroscopy.”® However, because of the limited pene-
tration depth of the excitation laser light, only the shell
regions can be characterized by Raman measurements.
Moreover, although the Raman spectra can show whether the
impurities are doped into the shell of a Ge/Si or Si/Ge core-
shell NW, the impurity distributions cannot be obtained.

State-of-the-art laser-assisted atom probe tomography (APT)
provides a powerful approach to the generation of three-
dimensional (3D) atom maps of semiconductors such as
Si and Ge with nearly atomic-scale resolution, so that the
impurity distributions in the semiconductors can be directly
observed.'>'®?'*% Following the pioneering work by Perea
et al. of measuring an individual InAs NW using APT,”* many
studies have been carried out to investigate semiconductor
NWSs using APT.**"*® In this work, APT was employed to investi-
gate the distribution of boron (B), one of the most important
impurities, in Ge/Si and Si/Ge core-shell NWs in which B
atoms were doped into the Si regions. Unlike the previous
approaches used to prepare NWs for APT measurement,**™?
we transferred the NWs from a Si substrate to a TEM mesh
and picked up the NWs from the TEM mesh, enabling us to
select NWs of a desired length and diameter. Our APT results
demonstrate that the B atoms were randomly distributed in
the Si shell of Ge/Si core-shell NWs. On the other hand, in Si/
Ge core-shell NWs, B piled up in the outer region of the Si
core. However, when the growth temperature and B,Hg flux
decreased, the B atoms were randomly distributed in the Si
core.
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Experimental

Ge/Si and Si/Ge core-shell NWs were grown on Si (111) sub-
strates by chemical vapor deposition (CVD) [Fig. 1(a)].
Nanocolloidal gold particles 3 nm in diameter were used as
the catalyst for vapor-liquid-solid (VLS) growth of Ge or Si
core-NWs. The total pressure was set to 8 Torr by mixing with
nitrogen gas. For the Ge/Si core-shell NWs, the Ge core was
grown at 320 °C for 30 min using 10 sccm (standard cubic
centimeter per minute) of GeH, (100%) source gas followed by
the introduction of an additional 10 sccm of GeH, (100%) at
500 °C for 1 min to increase the diameter of the Ge core
region. A B-doped Si shell was grown at 700 °C for 1 min using
19 sccm of SiH, (100%) and 1 scem of B,Hg (1%) as source
gases. Two kinds of Si/Ge core-shell NWs were prepared. For
the first, a B-doped Si core was grown by introducing 19 sccm
of SiH, (100%) and 1 sccem of B,Hg (1%) at 700 °C for 2 min.
Then, 10 scem of GeH, (100%) was introduced at 500 °C for
2 min to form the Ge shell. Similar processes were performed
for the second kind of Si/Ge core-shell NWs, but the flux gas
of B,Hg (1%), growth temperature, and time were changed to
0.2 scem, 600 °C, and 30 min, respectively, when growing the
B-doped Si core.?®

The procedure of preparing an individual NW for APT
measurement is shown in Fig. 1. First, we dispersed the NWs
into isopropyl alcohol (IPA) by placing the Si substrate (with
NWs grown on it) into IPA and dripped IPA drops containing
the NWs onto a TEM mesh [Fig. 1(b)]. Then, a NW was selected
and picked up by a lift-out probe using a gallium (Ga) ion
focused ion beam (FIB), and combined with an FIB-SEM dual-
beam system (Helios NanoLab600i, FEI) [Fig. 1(c)]. Finally, the
NW was welded onto a micropost for APT measurement
[Fig. 1(d)].

APT analysis was performed using a laser-assisted local
electrode atom probe (LEAP4000X HR, AMETEK).**** The NW
was irradiated with a 355 nm-wavelength pulsed laser at a
repetition rate of 100-200 kHz and a laser-pulse energy of 10-50
pJ. The base temperature during the measurement was 50 K.

Fig. 1 Procedure of preparing an individual NW for APT measurement.
(a) NWs grown on a Si (111) substrate; the inset is a TEM image of a Ge/Si
core—shell NW. (b) NWs transformed into a TEM mesh. (c) Picking up an
individual NW from the TEM mesh using a lift-out probe. (d) Individual
NW welded to a micropost.
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An integrated visualization and analysis software (IVAS) proto-
col was employed to reconstruct the 3D atomic maps.>®

Results and discussion

Fig. 2(a) and (b) show 10 nm-thick atom maps of the side and
top views of a Ge/Si core-shell NW, respectively. The Ge/Si
core-shell structure can be observed from the atom maps,
which show that the Ge core was covered by a Si shell, and B
atoms were selectively doped into the Si shell. The entire Ge
core and Si shell were not observed in Fig. 2(a) and (b) because
of APT’s limited field-of-view. For the specific APT equipment
we employed, the field-of-view is limited to approximately
60 nm in diameter. However, the diameter of the Ge core
could be up to 50 nm [as shown in the TEM image in
Fig. 1(a)], so only the Ge core and a very thin Si shell could be
detected if we measured the NW directly (see Fig. S1 in the
ESI}). In order to observe the B distribution in the Si shell, we
side milled halfway into a section of the NW using a Ga FIB
(see Fig. S2 in the ESIt) before the measurement so that even a
thick Si shell could be detected.
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Fig. 2 (a) Side- and (b) top-view atom maps of a Ge/Si core—shell NW
(10 nm-thick slice). The 20 at% Si iso-concentration surface is also
shown. Mass spectra of (c) Si shell and (d) Ge core regions.
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Fig. 3 B concentration along (a) the radial direction and (b) the growth
axis of a Ge/Si core—shell NW. The black arrows indicate the directions
along which the B concentration was measured.

To determine whether the B atoms diffused into the Ge
core, we compared the mass spectra of the Si shell and the Ge
core, as shown in Fig. 2(c) and (d), respectively. B* (10 and 11
amu) and B (5 and 5.5 amu) peaks clearly appeared in the

(a)

View Article Online

Paper

mass spectrum of the Si shell, but neither B" nor B'" peaks
were observed in the Ge core, indicating that the B atoms did
not diffuse into the Ge core. Given the extremely low diffusivity
of B in Si at 700 °C (107" to 107'® em® s7"),>° this result is
reasonable.

Fig. 3(a) and (b) show the B distributions along the radial
direction and the growth axis in a Ge/Si core-shell NW,
respectively. Along the radial direction, the B atoms were ran-
domly distributed in the Si shell. Furthermore, the B atoms
were observed in the Ge/Si interface but not in the Ge core
[Fig. 3(a)]. Because the additional Ge shell grown between the
Ge core and the Si shell may not form perfect crystallinity, the
Ge/Si interface could be rough, which would enable the B
atoms to easily diffuse into the Ge/Si interface. Another reason
may be that the APT resolution along the radial direction is
lower than that along the axial direction, which introduces B
atoms into the Ge/Si interface. In Fig. 3(b), the B atoms are
randomly distributed along the growth axis and the average B
concentration remains constant.

A Si/Ge core-shell NW was measured directly by APT
without Ga ion milling. The atom map of the side view of a Si/
Ge core-shell NW is shown in Fig. 4(a) (10 nm-thick slice), and
the B-doped Si core was covered by a Ge shell. It was found
that the Si core had a tapered shape, which resulted from
vapor-solid (VS) deposition of Si on the sides of the Si core
during growth. Because of the limited APT field-of-view men-
tioned above, only a thin Ge shell was detected, but this did
not affect the investigation of the B distribution. In the B atom
map shown in Fig. 4(b), it can be observed that the B atoms
were segregated at the Si/Ge interface. A detailed analysis of
the B distribution along the radial direction [Fig. 4(c)] indi-
cated that the B atoms piled up in the outer region of the Si
core and the B concentration decreased sharply from the outer
region to the inner region. This is because B atoms were in-
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(a) Side-view atom map of a Si/Ge core—shell NW (10 nm-thick slice). The 20 at% Si iso-concentration surface is also shown. (b) B atom map

of a Si/Ge core—shell NW. The B concentration along (c) the radial direction and (d) the growth axis of a Si/Ge core—shell NW. The black arrows in (c)
and (d) indicate the directions along which the B concentration was measured.
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Fig. 5 (a) Side-view atom map of a Si/Ge core—shell NW grown at low temperature and with a low B,Hg flux (10 nm-thick slice). The 20 at% Si iso-

concentration surface is also shown. (b) B atom map in a Si/Ge core—shell NW. B concentration along (c) the radial direction and (d) the growth axis
of a Si/Ge core—shell NW. The black arrows in (c) and (d) indicate the directions along which the B concentration was measured.

corporated into the Si core not only via the VLS process but also
via the VS process from the sidewall during the growth of the
Si core. The B incorporation rate via VS is much higher than
that via VLS, as reported previously,® which caused a gradient
in the B concentration along the radial direction. Moreover, as
in the case of Ge/Si core-shell NWs, B atoms were not observed
in the Ge shell, as shown in Fig. 4(b).

Along the growth axis, the average B concentration
increased gradually from the top to the bottom of the NW
[Fig. 4(d)]. This is due to the tapered shape of the Si core
grown by the VS process. The exposure time of the Si core to
the B,Hs source gas increased from the top to the bottom
during the VS process, so the number of B atoms incorporated
into the Si core from the sidewall increased from the top to the
bottom of the NW. This was also observed in phosphorus-
doped Ge NWs."?

The inhomogeneous distribution of B atoms in the Si core
will affect the electrical properties of the NWs."® Therefore, we
prepared another kind of Si/Ge core-shell NW at a lower temp-
erature and B,Hg flux, which was expected to eliminate B
incorporation via the VS process.'”*”*® Fig. 5(a) shows a
10 nm-slice atom map of a NW of this kind, in which the
tapered shape was eliminated. B atoms were effectively doped
into the Si core, and no obvious B pile-up was observed in the
outer region of the Si core [Fig. 5(b)]. This was confirmed in a
1D concentration profile of B along the radial direction
[Fig. 5(c)]. Furthermore, the average B concentration remained
constant along the growth direction, as shown in Fig. 5(d).

A comparison of Fig. 4 and 5 indicated that B incorporation
via the VS process from the sidewall of the Si core was sup-
pressed by decreasing the growth temperature and B,H; flux,

19814 | Nanoscale, 2016, 8, 19811-19815

which enabled us to obtain homogeneously B-doped Si/Ge
core-shell NWs. The VS process relies on high temperatures to
activate the chemical decomposition of precursor gases, and
the deposition rate is proportional to the reciprocal tempera-
ture.”® Thus, the reduction in the growth temperature could
decrease the rate of B incorporation via the VS process. In
addition, as the precursor gases, SiH, and B,Hg, can form a
polarized SiH,-BH; complex that is easily adsorbed on the Si
core surface,’”*' a high B,Hs flux could enhance the B in-
corporation rate, which has previously been reported for the
CVD growth of B-doped Si and Ge thin films.*®*> Therefore,
the rate of B incorporation from the sidewall of the Si core was
reduced by decreasing the growth temperature and B,H, flux.

Conclusions

The B distributions in Ge/Si and Si/Ge core-shell NWs were
studied by APT. B atoms were precisely doped into the Si
regions of Ge/Si and Si/Ge core-shell NWs, and did not diffuse
into the Ge regions. In the Ge/Si core-shell NWs, the B atoms
were randomly distributed along both the radial direction and
the growth axis in the Si shell. On the other hand, in the Si/Ge
core-shell NWs, the B distributions were controlled by the
growth temperature and B,H, flux. The B atoms piled up in
the outer region of the Si core and the B concentration gradu-
ally increased from the top to the bottom of the NW along the
growth axis when the growth temperature and B,H, flux were
higher. However, the B atoms were randomly distributed and
the B concentration remained constant along the growth axis
when the growth temperature and B,H, flux were decreased.

This journal is © The Royal Society of Chemistry 2016
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