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ABSTRACT Selective doping and band-oﬀset in germanium (Ge)/silicon (Si) coreshell

nanowire (NW) structures can realize a type of high electron mobility transistor structure in
one-dimensional NWs by separating the carrier transport region from the impurity-doped
region. Precise analysis, using Raman spectroscopy of the Ge optical phonon peak, can
distinguish three eﬀects: the phonon conﬁnement eﬀect, the stress eﬀect due to the
heterostructures, and the Fano eﬀect. The Fano eﬀect is the most important to demonstrate
hole gas accumulation in Ge/Si coreshell NWs. Using these techniques, we obtained
conclusive evidence of the hole gas accumulation in Ge/Si coreshell NWs. The control of
hole gas concentration can be realized by changing the B-doping concentration in the
Si shell.
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onsiderable work has been done
regarding one-dimensional semiconducting nanowires (NWs).19
Silicon (Si) and germanium (Ge) NWs have
attracted particular attention due to their
compatibility with current Si complementary metaloxide semiconductor (Si CMOS)integrated circuit technology and their
better scalability. These NWs have potential
for use in the channel, source, and drain
regions of MOS ﬁeld-eﬀect transistors
(FETs). However, the problem of retardation
of carrier mobility caused by impurity scattering must be solved if impurity atoms are
doped into the channel region. Coreshell
NWs using Si and Ge appear to have major
potential for suppression of impurity
scattering.1024 A radial heterojunction design separates the carrier transport pathway
from the impurity-doped regions. This structure is similar to that in high electron mobility transistors.25 The carrier transports have
been investigated by many researchers who
have demonstrated the potential of core
shell structures. The ﬁrst experimental
evidence of the hole gas accumulation in
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Ge/Si coreshell NWs was reported in 2005.11
The enhancement of carrier mobility has, in
fact, been shown to be better than that in
current types of planar Si MOSFET devices.
The formation of crystalline shell layers,
however, is a key challenge. Techniques for
controlling crystallinity and morphology have
been vigorously investigated with the aim of
achieving smooth, single-crystal shells on the
surfaces of core NWs.2633 Stress is induced in
Si and Ge heterostructures, which aﬀects the
crystallinity of the shell layers. Strain analyses
have been used to investigate coreshell
NWs by transmission electron microscopy
(TEM), Raman, and X-ray diﬀraction (XRD)
measurements.2628,33,34 Stress in Si and Ge
heterostructures lifts the band-edge degeneracies that aﬀect the transport masses and
reduces intervalley or interband scattering.35,36 Contamination by Au, which is often
used as a catalyst for NW growth, needs
to be eliminated because Au can diﬀuse
over the surface of core NWs during shell
formation.20,37 These problems need to be
overcome to realize high mobility channels
using coreshell NWs.
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of B atoms from the p-Si shell to the i-Ge core. In
addition to this, high-resolution TEM images of i-Ge/
p-Si coreshell NWs showed a very clear interface
between the Ge core and the Si shell. Furthermore,
we show below that the concentration of hole gas can
be roughly controlled by tuning the B-doping concentration in the p-Si shell layers.
RESULTS AND DISCUSSION
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To realize the enhancement of carrier mobility in
coreshell NWs, doping sites and the electrical activity
of impurity atoms need to be controlled. We have
established and reported characterization methods
of impurity atoms in SiNWs,3841 GeNWs,42 and their
coreshell NWs.34 Raman scattering is a useful technique for investigating the bonding states and electrical activity of dopant atoms. The former can be
clariﬁed by studying the local vibrational modes of
impurity atoms, and the latter can be estimated using
the Fano eﬀect that appears in optical phonon
modes.3844 The accumulation of hole gas by forming
Ge/Si coreshell NWs has been investigated using this
technique of Zhang et al.45 They showed a slight
change of the Ge optical phonon peak, and ﬁnally
concluded that it was due to the Fano eﬀect. The Ge
optical phonon peak is also aﬀected by the phonon
conﬁnement eﬀect due to the nanoscale size eﬀect
and stress due to the heterostructure. In order to
completely demonstrate the contribution of the Fano
eﬀect, those eﬀects have to be distinguished but were
not done in their works.45 They also formed a Si shell
layer at 450 °C and annealed it at 600 °C for 30 min to
crystallize the shell.45 We also performed the same
experiments at the same temperature range; however,
the shell layer was not completely crystallized, and
B activation was not perfect. In a previous paper,
we showed the growth of four diﬀerent types of Si/
Ge (i-Si/n-Ge, p-Si/i-Ge) and Ge/Si (n-Ge/i-Si, i-Ge/p-Si)
coreshell NWs and demonstrated the selective
doping in the core and shell regions, respectively, by
means of Raman scattering and XRD measurements.34
Here, i-Si/n-Ge and p-Si/i-Ge mean intrinsic Si/n-type
Ge and p-type Si/intrinsic Ge, respectively. The data
clearly showed that boron (B) and phosphorus (P)
atoms are electrically activated in the core and shell
regions depending on the structure. The optimum p-Si
shell formation temperature was 700 °C. The complete
dopant activation is also very important to detect the
hole accumulation in coreshell NWs.
In this paper, we report our clear veriﬁcation about
the hole gas accumulation from B-doped p-Si shell
regions to undoped i-Ge core regions in i-Ge/p-Si
coreshell NWs. The p-Si shell was formed at the
optimal temperature of 700 °C. We were able to clearly
show the electrical activation of B acceptors in the p-Si
shell layer and at the same time demonstrate hole
accumulation in the i-Ge core region from analysis of
the Fano resonance in both Si and Ge optical phonons
by Raman scattering measurements. The key point in
this analysis is that we successfully disentangled three
eﬀects (the phonon conﬁnement eﬀect, the stress
eﬀect due to the heterostructures, and the Fano eﬀect)
and ﬁnally gave a conclusive demonstration of hole
gas accumulation in Ge/Si coreshell NWs from the
Fano eﬀect and a validation of previous theoretical
models.10,18 The Raman data showed no interdiﬀusion

Structural characterization of coreshell NWs was
performed by TEM, scanning transmission electron
microscopy (STEM), and energy-dispersive X-ray (EDX)
measurements, as shown in Figure 1. All results clearly
show the formation of Ge/Si coreshell NWs. Here, the
red and blue parts, respectively, represent the Si and
Ge regions in the results of EDX measurements. TEM
measurements revealed clear lattice fringes in the core
and shell regions. The extremely clear and large highresolution TEM images we obtained are shown in
Figures S1 and S2 in the Supporting Information. They
show a clear interface between the Ge core and the Si
shell, suggesting no intermixing of Ge and Si at 700 °C.
The crystallinity of coreshell NWs is also shown by the
results of the XRD and Raman measurements described
below. The thickness of the shell layer depends on the
shell growth time and the ﬂux of B2H6 gas (Figure 1f).
The former dependence is as would be expected,
while the latter dependence can be explained by the
enhancement of radial growth by B2H6 gas.19,34
The electrical activation of B atoms and the location
of hole carriers in coreshell NWs can be determined
by Raman measurements using the Fano eﬀect.34,38,43,44
The representative Raman spectra are shown in
Figure 2a,b. The Si optical phonon peak for i-Ge/p-Si
(B2H6 = 0.5 sccm, 5 min) shows an asymmetric broadening toward higher wavenumbers compared to i-Ge/
p-Si (B2H6 = 0.1 sccm, 5 min), most likely resulting from
the Fano eﬀect.34,38,43,44 The Fano eﬀect is caused by
coupling between discrete optical phonons and the
continuum of interband hole excitations in degenerately doped p-type Si. The observation of the Fano eﬀect
means that B atoms are electrically activated in the Si
shell layers. The asymmetric broadening becomes more
pronounced, meaning that the B-doping concentration
has increased with increasing B2H6 gas ﬂux. The peak
observed around 300 cm1 is due to the Ge optical
phonon peak. An optical phonon peak related to SiGe
bonds was also observed, but its intensity was extremely low, suggesting that intermixing of Si and Ge at
the interfaces had been suppressed. Figure 2c,d shows
the Raman shift of the Si and Ge optical phonon peaks
as a function of the shell growth time. The detailed data
are also shown in Figure S3 in the Supporting Information. The peak position depends signiﬁcantly on shell
growth time. The downshift of the Si optical phonon
peak for the shell growth time of 30 s is mainly due to
the tensile stress from the Ge core region. The Si optical
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Figure 1. TEM images of i-Ge/p-Si coreshell NWs with shell growth times of (a) 30 s and (b) 1 min. STEM images of i-Ge/p-Si
coreshell NWs with shell growth times of (c) 30 s and (d) 1 min. (e) EDX images of i-Ge/p-Si coreshell NWs with a shell
growth time of 30 s. (f) B2H6 gas ﬂux of p-Si layers was 0.5 sccm. The scale bars are 10 nm. Dependence of the total diameter of
coreshell NWs on shell growth time.

Figure 2. Raman spectra observed for i-Ge/p-Si coreshell
NWs. The B2H6 gas ﬂuxes of p-Si layers were (a) 0.5 and (b)
0.1 sccm. Raman shift of Si and Ge optical phonon peaks as a
function of shell growth time: (c) 0.5 sccm and (d) 0.1 sccm.
The red and blue dotted lines show the optical phonon
peaks for bulk Ge and bulk Si, respectively.

phonon peak shows a further downshift with increased
shell growth time. There are two reasons. First, it can be
explained by the Fano eﬀect (doping eﬀect). This means
FUKATA ET AL.

that an increase in the B-doping concentration occurs
with an increase of the shell growth time, even though
the B2H6 gas ﬂux is constant during shell formation. The
second reason is due to stress relaxation caused by
introducing dislocations in the shell layers. This will
be explained in Figure 4 below. The Ge optical phonon
peak shows an upshift in short shell growth times,
which is due to the compressive stress applied by the
Si shell. The Ge optical phonon peak therefore shows
a downshift with increased shell growth time. There are
two possible explanations for this. The ﬁrst is hole
accumulation due to the formation of coreshell structures. The second is direct B-doping into the i-Ge core
by the interdiﬀusion of B atoms from the Si shell during
shell formation. However, the second possibility can be
rejected. More conclusive proof is shown in the results
and discussion below.
The results of XRD measurements also support the
possibility of hole accumulation. Figure 3a shows the
representative Ge(111) and Si(111) XRD peaks observed for i-Ge/p-Si (0.1 sccm). The results of i-Ge/p-Si
(0.5 sccm) are shown in Figures S4 and S5. The Ge(111)
peak shifts to a lower angle, while the Si(111) peak
shifts to a higher angle with increased shell growth
time. To make the dependence clearer, the average
lattice constants of Ge and Si in the coreshell NWs
were calculated by ﬁtting the Ge- and the Si-related
XRD peaks. The average lattice constant of the Si shell
is greater than that for bulk Si, as shown in Figure 3c,
which is due to the tensile stress from the Ge core.
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Figure 4. High-resolution TEM images of i-Ge/p-Si (0.5 sccm)
coreshell NWs with Si shell growth times of (a) 30 s and (b)
1 min. (c) Schematic illustrations of crystallinity and stress in
i-Ge/p-Si (0.5 sccm) coreshell NWs as a function of the Si
shell growth time.

Figure 3. (a) XRD spectra of Ge(111) and Si(111) peaks
observed for i-Ge/p-Si coreshell NWs. The dotted lines in
(a) are deconvoluted peaks by ﬁtting. The lattice constant of
the (b) Ge core and (c) Si shell in the i-Ge/p-Si coreshell
NWs. The results show the dependence on the shell growth
time. The dotted lines show the lattice constants of bulk Ge
and bulk Si.

The Si lattice constant decreased with increased shell
growth time, showing that tensile stress is attenuated
by increasing the Si shell thickness (Figure 3c). One of
the reasons is stress relaxation due to the formation of
thicker shell layers and the eﬀects of longer annealing.
As shown in Figures 4a,b, the Si shell layer clearly
changed from the single-crystal-type to the polycrystalline-type with an increased Si shell layer thickness,
resulting in stress relaxation (Figure 4c). The lattice
contraction caused by the doping of B atoms with
diameters smaller than those of Si is also one possible
reason because the increase in shell growth time
increases the B-doping concentration in the Si shell.34
On the other hand, the average lattice constant of the
Ge shell is smaller than that for bulk Ge, which is due to
the compressive stress applied by the Si shell. It was
weakened with increased shell growth time due to the
relaxation of the thick Si layers. The increase in the Ge
lattice constant with an increase of the shell growth
time is more likely to eliminate the risk of interdiﬀusion
of B atoms into the Ge core during shell formation
because introducing B atoms causes lattice contraction
of the Ge core. This can be explained as follows. In
our previous paper about impurity doping in GeNWs,42
we observed an upshift of the Ge(111) peak by XRD
and the Fano eﬀect in the Ge optical phonon peak
by Raman spectroscopy. The former XRD peak shift
is due to the lattice contraction in GeNWs by high
FUKATA ET AL.

concentration B-doping, while the latter Fano eﬀect is
due to the existence of a high concentration of hole
carriers in GeNWs. The results clearly show that high
concentration B-doping in the Ge region gives the XRD
peak shift and the Fano eﬀect at the same time. In this
work, we could detect the Fano eﬀect in the Ge optical
phonon peak, while the upshift of the XRD peak was
not observed. If the Fano eﬀect is due to the B atoms
introduced from the p-Si shell layers, the B concentration should be higher than 1017 cm3; ﬁnally, the
Ge(111) XRD peak should show the upshift. However,
we did not observe it. Hence, the XRD data provide
additional evidence that the downshift of the Ge
optical phonon peak is due to the accumulation of
hole gas on forming coreshell structures.
To further demonstrate the hole accumulation into
the i-Ge core in i-Ge/p-Si coreshell NWs, we summarized the Raman data as a function of the B2H6 gas ﬂux
in Figure 5. The downshift and asymmetric broadening
of the Si optical phonon peak, which is due to the Fano
eﬀect, become more pronounced with increased B2H6
gas ﬂux, showing the increase in the B-doping concentration in the Si shell layers (Figure 5b,e). The Ge
optical phonon peak also clearly shows the downshift
and asymmetric broadening with increased B2H6 gas
ﬂux for the formation of the p-Si shell layers (Figure 5a,
c,d). This downshift and asymmetric broadening
are explained below. Figure 5c shows a comparison
of the Ge optical phonon peaks observed for i-Ge/p-Si
(1.0 sccm) coreshell NWs, i-Ge/i-Si (0 sccm) core
shell NWs, i-GeNWs, and bulk Ge. The Ge optical
phonon peak for i-GeNWs shows a slight downshift
and asymmetric broadening compared to bulk Ge. This
is due to the phonon conﬁnement eﬀect because the
diameter of GeNWs is about 10 nm.42,4648 The Ge
optical phonon peak shows an upshift and asymmetric
broadening due to the formation of i-Si shell layers
(light blue spectrum). This upshift can be explained by
the compressive stress applied by the i-Si shell layers,
VOL. XXX

’

NO. XX

’

000–000

’

D

XXXX
www.acsnano.org

ARTICLE
Figure 5. (a) Ge and (b) Si optical phonon peak observed for i-Ge/p-Si coreshell NWs. (c) Comparison of the Ge optical
phonon peaks observed for i-Ge/p-Si (1.0 sccm) coreshell NWs, i-Ge/i-Si (0 sccm) coreshell NWs, i-GeNWs, and bulk Ge. The
B2H6 gas ﬂuxes of p-Si layers were changed from 0 to 1.0 sccm. The shell growth time is 2 min. Raman shift of the (d) Ge and (e)
Si optical phonon peaks as a function of the B2H6 gas ﬂux. The red and blue dotted lines show the optical phonon peaks for
bulk Si and bulk Ge, respectively. (f) Band diagram around a SiGe heterojunction in Ge/Si coreshell NWs. Ev and Ef are the
valence band edge and the Fermi energy, respectively.

whereas the asymmetric broadening cannot be
explained by compressive stress alone: it suggests
the eﬀect of hole accumulation. The Ge optical phonon
peak showed a downshift and further asymmetric
broadening with increased B concentration in the Si
shell layers, as shown in the red spectrum of the i-Ge/
p-Si (1.0 sccm) coreshell NWs. This can be explained
in mostly by the Fano eﬀect, showing the introduction
of a high concentration of holes in the i-Ge core region.
The result clearly demonstrates hole accumulation
from the p-Si (i-Si) shell to the i-Ge core region that
results from the formation of coreshell NW structures.
We also performed HF etching experiments (see section 4 in Supporting Information). The asymmetric
broadening of the Ge optical phonon peak was decreased, and the peak shifted to higher wavenumbers
after HF etching, as shown in Figure S6. The thickness
of B-doped Si shell layers decreases as a result of HF
etching, and the number of holes introduced into the
Ge core region is likely to be reduced, resulting in a
decrease in hole accumulation in the Ge core region.
This result also supports hole accumulation due to the
formation of coreshell NW structures. As shown in
Figure 5f, there is an abrupt band discontinuity between Si and Ge, which is called the band oﬀset. The
energy band diagram was illustrated by reference
to the previous reports.10,18,45 To maintain a constant
chemical potential throughout the two materials of Si
and Ge, holes ﬂow from the p-Si (i-Si) to the i-Ge region.
This causes the band edges to bend at the interface,
FUKATA ET AL.

Figure 6. Ge optical phonon peak observed for i-Ge/p-Si
coreshell NWs (1 sccm, 2 min). The red dotted line shows
ﬁtting data using the Fano equation. Fano parameters of (b)
q and (c) Γ estimated from the Ge optical phonon peaks
observed for i-Ge/p-Si coreshell NWs.

with the result that holes are conﬁned in the i-Ge
region as hole gas. The Fermi level is shifted from
the middle of the band gap to the acceptor level
with an increase in B concentration in the p-Si layer.
This increases the hole gas density in the i-Ge region.
Hence, our data clearly demonstrate hole accumulation
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core region. Generally, hole density can be roughly
estimated according to the Fano parameters. However,
the two eﬀects;the stress induced by the heterostructures and the phonon conﬁnement eﬀect caused
by the nanoscale sizes;make it diﬃcult to estimate
the exact hole density in the Ge shell. If we ignore these
two eﬀects, the hole density in the Ge shell is estimated
to be 10171018 cm3.
CONCLUSION

where ω is the wavenumber, I0 the prefactor, q the
asymmetry parameter; ε is given by ε = (ωωp)/Γ,
where ωp is the phonon wavenumber and Γ is the line
width parameter. One of the ﬁtting results is shown
in Figure 6a. The two important values of q and Γ
are summarized in Figure 6b,c. These two values
increased with increased B2H6 gas ﬂux. This is due
to the increase in the hole accumulation in the Ge

A precise analysis of the Ge optical phonon peak
by Raman spectroscopy was able to disentangle three
eﬀects, the phonon conﬁnement eﬀect, the stress
eﬀect due to the heterostructures, and the Fano eﬀect,
ultimately providing a clear demonstration of hole
gas accumulation in i-Ge/p-Si coreshell NWs. The
results of XRD measurements also support the Raman
data. These results show the realization of one type
of high electron mobility transistor structure in onedimensional NWs. The concentration of hole gas
was controlled by the B-doping concentration in the
Si shell.

EXPERIMENTAL METHODS
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pressure of 2  106 Pa. The low background pressure makes
it possible to obtain a clear interface between Si and Ge without
oxidation. Gold nanocolloid particles were used as seeds for
vaporliquidsolid growth49 of core GeNWs using 10 sccm of
GeH4 (100%). The total pressure was set at 8 Torr by mixing with
N2 gas. The axial growth of i-GeNWs was performed at 320 °C
for 30 min, and the subsequent radial growth of the p-Si shell
layer was achieved at 700 °C using 19 sccm of SiH4 (100%) and
05 sccm of B2H6 (1% in H2) to form the i-Ge/p-Si coreshell
NWs. Doping with B was performed during the vaporsolid
growth of the Si shell layer in the i-Ge/p-Si coreshell NWs.
These growth conditions were determined to be able to prevent
the interdiﬀusion of B into Ge and the intermixing of SiGe.
A detailed explanation is reported in ref 34.
Micro-Raman scattering measurements were performed at
room temperature using a 100 objective and a 532 nm excitation
light source with an excitation power of approximately 0.02 mW
to prevent local heating eﬀects by the excitation laser.46,50 The
spectral resolution of all data was about 0.3 cm1. These measurements clarify the states of B atoms and stress in coreshell NWs
and ﬁnally demonstrate B-doping in the p-Si shell regions and hole
accumulation in the i-Ge core regions. X-ray diﬀraction measurements were also performed to investigate individually the stress
in the core and shell regions. The XRD data were collected with
parallel beam geometry using Cu KR radiation. The structures
of coreshell NWs were investigated by ﬁeld emission scanning
electron microscopy, STEM, TEM, and EDX analysis. The EDX
measurements were performed during the TEM measurements.
Conflict of Interest: The authors declare no competing
ﬁnancial interest.
Supporting Information Available: The Supporting Information is available free of charge on the ACS Publications website
at DOI: 10.1021/acsnano.5b05394.
Additional information and ﬁgures (PDF)
Acknowledgment. This work was supported by JSPS Kakenhi
(No. 26246021) and the World Premier International Research
Center Initiative (WPI Initiative), MEXT, Japan.

FUKATA ET AL.

ARTICLE

due to the formation of i-Ge/p-Si coreshell NW structures and show the validity of previous theoretical
models.10,18
The hole accumulation in the Ge core region increased with increasing B concentration in the Si shell
layers in the i-Ge/p-Si coreshell NWs, meaning that
the hole gas density in the Ge core can be controlled
by shell doping. We analyzed the Ge optical phonon
peaks using the Fano equation.43 The asymmetric line
shape of the optical phonon due to the Fano eﬀect
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