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T
echnical progress in silicon very large
scale integrated circuits (Si VLSIs) has
so far been driven by the miniaturiza-

tion, or scaling, of gates, oxide layers, p�n
junctions, and other elements in metal-
oxide semiconductor field-effect transistors
(MOSFETs), the building blocks of VLSIs.
However, potential advances in perfor-
mance and integration by conventional
scaling of device geometries are now reach-
ing their practical limits. To overcome these
limiting factors in planar MOSFETs, vertical
structural arrangements using semiconduc-
tor nanowires (NWs) have been suggested
as the basis for the next generation of semi-
conductor devices. Considerable work has
been done regarding one-dimensional semi-
conductor nanowires.1�8 Silicon (Si) and
germanium (Ge) NWs have attracted special
attention, due to their compatibility with
current Si complementary metal-oxide
semiconductor (Si CMOS) integrated circuit
technology and their better scalability and
leakage control.
Impurity doping is necessary to form

source and drain regions in NWs-MOSFETs,
while the retardation of carrier mobility due
to impurity scattering has to be taken into
account when doping the channel region.
Core�shell NWs using Si andGe showpoten-
tial for suppression of impurity scattering.
Following a pioneering work by Lauhon
et al. on the growth of Si/Ge core�shell
NWs,9 numerous studies have been carried
out, bothexperimentally andtheoretically.10�19

Impurities are doped in the core and free
carriers are injected into the shell, or vice
versa. In this study, doped impurities and
carriers are separated in the core and shell
regions, respectively, due to the band offset
between Si andGe, resulting in amarkedly low
scattering rate between them and improved

mobility of free carriers. High hole mobility
has, in fact, been reported in top-gated
Ge/Si NWFET devices.10 Stress also plays
an important role in carrier mobility, since
it lifts the band-edge degeneracies that
affect the transport masses and reduces
intervalley or interband scattering.20,21 Esti-
mation of stress in the core and shell regions
in core�shell NWs is, therefore, also impor-
tant. Stress in Ge/Si core�shell NWs with
thin Si shells of about 3 nm has been
investigated by Goldthorpe et al. by trans-
mission electron microscopy (TEM) and
Ramanmeasurements.12,13 The authors also
showed relationships between axial strain
and dislocation density in the Ge core of
core�shell NWswith various core diameters
and shell thicknesses.
Characterization of impurity atoms selec-

tively doped in the core and shell regions of
Si/Ge and Ge/Si core�shell NWs is necessary

* Address correspondence to
FUKATA.Naoki@nims.go.jp.

Received for review June 28, 2012
and accepted September 1, 2012.

Published online
10.1021/nn302881w

ABSTRACT Core�shell nanowires (NWs)

composed of silicon (Si) and germanium (Ge)

are key structures for realizing high mobility

transistor channels, since the site-selective

doping and band-offset in core�shell NWs

separate the carrier transport region from the

impurity doped region, resulting in the suppression of impurity scattering. 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) core�shell NWs structures were

rationally grown. The surface morphology significantly depended on the types of the

core�shell NWs. Raman and X-ray diffraction (XRD) measurements clearly characterized

the compressive and tensile stress in the core and shell regions. The observation of boron (B)

and phosphorus (P) local vibrational peaks and the Fano effect clearly demonstrated that the B

and P atoms are selectively doped into the shell and core regions and electrically activated in

the substitutional sites, showing the success of site-selective doping.

KEYWORDS: core�shell nanowires . doping . X-ray diffraction .
Raman scattering
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to arrive at an understanding of the states and be-
haviors of dopant atoms and thence to control the
doping levels. Raman scattering is a useful technique in
this regard.22�24 It is also possible to evaluate the stress
in core�shell NWs by investigating the peak shifts of
the Si and Ge optical phonon peaks. X-ray diffraction
(XRD) is also a powerful method12,13 for characterizing
core�shell NWs with larger diameters.
In this paper, we report the growth of four different

types of Si/Ge and Ge/Si core�shell NWs and selective
doping in the core and shell regions. The Raman
measurements clarified the status of impurity atoms.
These results clearly showed the bonding states and
the electrical activities of impurity atoms, demonstrat-
ing the formation of n-shell and p-shell layers. The
stress in the core and shell regions was evaluated by
XRD and Raman measurements, which revealed the
major influence of shell thickness. XRD measurements
also clearly showed lattice contraction caused by im-
purity doping.

RESULTS AND DISCUSSION

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) core�shell NWs were pre-
pared by CVD to realize the band structures illustrated
in the insets of Figure 1. To confirm the formation of
Si/Ge and Ge/Si core�shell NWs, EDX measurements
were first performed during TEM measurements. The
results obtained for a shell growth time of 30 s are
shown in Figure 1a�d. The red represents Si and blue
represents Ge. These results clearly show the formation
of Si/Ge andGe/Si core�shell NWs. Almost all coreNWs
showed Æ111æ orientation. We also carefully checked
the crystallinity of the shell in Si/Ge and Ge/Si core�
shell NWs and observed clear lattice fringes in the shell
regions (Figure 1e�g). The TEM image of Figure 1e

shows a slightly rough surface, similar to previous
reports.12 Evidence of shell crystallinity was also shown
by the results of the XRD and Raman measurements
described below.
The SEM images of typical i-Si/n-Ge core�shell NWs

are shown in Figure 2a�c. The SEM images demon-
strate that the diameter is uniform along the length of
the core�shell NWs. The diameter significantly in-
creases with an increase in the shell growth time. The
surface is relatively smooth. The same results were
obtained for n-Ge/i-Si and i-Ge/p-Si core�shell NWs.
On the other hand, p-Si/i-Ge core�shell NWs showed
very rough surfaces, as seen in Figure 2e�g. The
introduction of B2H6 gas in SiH4 gas enhances radial
growth of the Si layer, giving SiNWs with tapered
structures with significant surface doping.25 This af-
fects the surface roughness of p-SiNWs in the core
region. To clarify it, we performed TEM measurements
for i-SiNWs and p-SiNWs. The TEM images of i-SiNWs
and p-SiNWs before the shell growth are shown in
Figure 2d,h. In this study, we reduced the B2H6 gas flux
to suppress the radial growth. However, the radial
growth slightly occurred as shown in Figure 2h. The
high resolution TEM image (Figure 2i) and the diffrac-
tograms (Fourier transform images) clearly show that
the near surface region is polycrystalline. This affects
the surface roughness for p-SiNWs. Finally, the surface
roughness further increased after the formation of i-Ge
shell (Figure 2e�g). Figure 2j shows a summary of the
thickness of the shell layers in four different Si/Ge and
Ge/Si core�shell NWs as a function of shell growth
time. They are approximately linear with respect to the
shell growth time, indicating that the thickness of the
shell layer may be controllable by the shell growth
time. The two different types of Si/Ge core�shell NWs,
i-Si/n-Ge and p-Si/i-Ge, show almost the same behaviors.

Figure 1. EDX images of (d) i-Si/n-Ge, (e) n-Ge/i-Si, (f) p-Si/i-Ge, and (g) i-Ge/p-Si core�shell NWs. The scale bar is 30 nm. The
red represents Si and blue represents Ge. Illustrations of band diagrams of four different types of core�shell NWs are shown
as insets. TEM images of i-Si/n-Ge are shown in panels e�g.
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On the other hand, the other two types of Ge/Si
core�shell NWs (n-Ge/i-Si and i-Ge/p-Si) show dif-
ferent behaviors; that is, i-Ge/p-Si shows closely
similar behavior to the Si/Ge core�shell NWs series,
and n-Ge/i-Si shows a weak dependence on the
shell growth time, which can be explained by the
fact that radial growth of the Si shell on GeNWs is
more difficult to achieve than that of the Ge shell
layer on SiNWs. The radial growth of i-Ge/p-Si core�
shell NWs is much faster than that of n-Ge/i-Si core�
shell NWs, in spite of the shell being composed of Si.
This is due to the enhancement radial growth by
B2H6 gas.
Stress and the doping effect in Si/Ge and Ge/Si

core�shell NWs were evaluated by XRD measure-
ments. The dependence of XRD patterns on the shell
growth time, observed for four different structures, is
shown in Figure 3. The results showpeaks representing
the (111) crystallographic planes of the diamond cubic
structures of Ge and Si, indicating that both core and
shell regions are crystalline. The atomic scattering
factor for Ge is larger than that for Si (∼26.5 vs 10.4

at our conditions), which explains the low Si peak,
relative to the Ge peak. We did a pattern simulation,
and with an approximately equal mol % of Si and Ge,
the Ge (111) peak will still be∼6 times larger than the
Si (111) peak. In addition to this, all XRD patterns
were normalized by the intensity of the Ge (111) peak
in Figure 3. Therefore, the Si (111) peak becomes
smaller relative to the Ge peak with increasing Ge
shell growth time (Figure 3a,c), while the Si (111)
peak becomes larger relative to the Ge peak with
increasing Si shell growth time (Figures 3b,d). Both
the Ge (111) and the Si (111) peaks clearly shift with
increased shell growth time, indicating a shift in
lattice constant.
Figure 4a shows the lattice constant results of the Si

core in Si/Ge core�shell NWs. The average lattice
constants of Ge and Si in the core�shell NWs were
calculated by fitting the Ge and the Si-related XRD
peaks. The average lattice constant of the Si core is
greater than that for bulk Si and increases with in-
creased shell growth time, showing that the tensile
stress is applied by the radial growth of the Ge shell,

Figure 2. SEM images of i-Si/n-Ge core�shell NWs with shell growth time for (a) 30 s, (b) 5 min, and (c) 15 min. SEM image of
p-Si/i-Ge core�shell NWs with shell growth time for (e) 30 s, (b) 5 min, and (g) 15 min. TEM images of (d) i-Si core and (h) p-Si
core NWs. (i) High resolution TEM image of p-Si core NWs and diffractograms (Fourier transform images) in the center (1) and
near surface (2) regions. (j) Dependence of the thickness of shell layers on the shell growth time for four different types of
core�shell NWs. The scale bars of panels a�c and e�g are 2 μm. The scale bars of panels d and h are 30 nm.
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which increases with the thickness of the Ge shell.
The average lattice constant of the Si core in p-Si/i-Ge is
smaller than that in i-Si/n-Ge, showing that the lattice
contraction of the Si core in p-Si/i-Ge could result from
the substitution of B atoms into the Si lattice, indicating
B-doping in the Si core region of p-Si/i-Ge. Figure 4b
shows the results of the Ge shell in the Si/Ge core�shell
NWs. The average lattice constant of the Ge shell is
lower than that for bulk Ge and increases with increas-
ing shell growth time, showing that compressive stress
originates in the Si core but that its effect is weakened

by increasing theGe shell thickness. The average lattice
constant of the Ge shell in i-Si/n-Ge is smaller than that
in p-Si/i-Ge, demonstrating that lattice contraction
of the Ge shell in i-Si/n-Ge might result from the
substitution of P atoms into the Ge lattice, and indicat-
ing P-doping in the Ge shell region of i-Si/n-Ge. The
relationship of the stress in the Si core and Ge shell
regions in the Si/Ge core/shell NWs is illustrated in
Figure 4c. Here, the thicker arrows indicate a higher
stress. Figure 4d shows the results for the Ge core in the
Ge/Si core�shell NWs. The average lattice constant of

Figure 3. XRD spectra of Ge (111) and Si (111) peaks observed for (a) i-Si/n-Ge, (b) n-Ge/i-Si, (c) p-Si/i-Ge, and (d) i-Ge/p-Si
core�shell NWs. The results show the dependence on the shell growth time.

Figure 4. Dependence of the average lattice constant of four different core�shell NWs on the shell growth time. The
lattice constant of (a) the Si core in the i-Si/n-Ge and p-Si/i-Ge core�shell NWs, (b) the Ge shell in the i-Si/n-Ge and
p-Si/i-Ge core�shell NWs, (d) the Ge core in the n-Ge/i-Si and i-Ge/p-Si core�shell NWs, and (e) the Si shell in the n-Ge/i-Si
and i-Ge/p-Si core�shell NWs. Schematic illustration of the stress induced by the formation of (c) Si/Ge and (f) Ge/Si
core�shell NWs.

A
RTIC

LE



FUKATA ET AL . VOL. 6 ’ NO. 10 ’ 8887–8895 ’ 2012

www.acsnano.org

8891

the Ge core is lower than that for bulk Ge, showing that
the compressive stress originates in the Si shell. The
average lattice constant of the Ge core in n-Ge/i-Si is
smaller than that in i-Ge/p-Si. This can also be ex-
plained by the fact that the lattice contraction of the
Ge core in n-Ge/i-Si is caused by the substitution of P
atoms into the Ge lattice, indicating P-doping in the Ge
core region of n-Ge/i-Si. The dependences on the shell
growth time for Ge/Si core�shell NWs (Figure 4d)
are smaller than those for Si/Ge core�shell NWs
(Figure 4b). This is probably attributable to relaxation
caused by the radial growth of Ge/Si core�shell NWs
being at a higher temperature (700 �C) than for the
Si/Ge core�shell NWs (500 �C). Figure 4e shows the
results for the Si shell in Ge/Si core�shell NWs. The
average lattice constant of the Si shell for n-Ge/i-Si
core�shell NWs is greater than that for bulk Si at the
start of the shell growth time. It then reaches the bulk Si
value, revealing that the tensile stress originates in the
Ge core at the initial stage, and finally the Si shell is
relaxed. The average lattice constant of the Si shell for
n-Ge/i-Si core�shell NWs is also greater than that for
i-Ge/p-Si core�shell NWs. This is attributable to the
lattice contraction of the Si shell in i-Ge/p-Si being
caused by the substitution of B atoms into the Si lattice,
indicating B-doping in the Si shell region of i-Ge/p-Si.
The stress relationship of the Ge core and Si shell
regions in Ge/Si core�shell NWs is illustrated in
Figure 4f.
The stress and doping effects in Si/Ge and Ge/Si

core�shell NWswere also investigated bymicro-Raman

scattering measurements. Only the shell layers can be
mainly characterized by Raman measurements, due
to limits on the penetration depth of excitation laser
light. We could observe an optical phonon peak
related to Si�Ge bonds for core�shell NWs with thin
shell layers (Figure S1). However, we could not get
enough data to investigate stress and intermixing of
Si and Ge atoms. The effect of intermixing will be
discussed later. Figure 5a shows the results of the Ge
optical phonon peaks observed for i-Si/n-Ge core�
shell NWs as Raman spectra. The peak position sig-
nificantly depends on the shell growth time. The
dependence on shell growth time, in addition to the
results for p-Si/i-Ge core�shell NWs, is summarized in
Figure 5b. The Ge optical phonon peak initially de-
creased, then increased and finally reached a constant
value. The initial decrease is due to the compressive
stress applied by the Si core region, and the second
increase is due to the decrease in effect of this com-
pressive stress. Finally, the peak position of the Ge
optical phonon peak observed for p-Si/i-Ge reached
that for bulk Ge, indicating that the stress had been
completely released. The Ge optical phonon peak
for i-Si/n-Ge finally also shows a constant value, but
at a higher position than for p-Si/i-Ge. This is also
attributable to the substitution of P atoms into
the Ge lattice, namely, lattice contraction resulting
from P doping, and finally indicating P-doping in
the Ge shell region of i-Si/n-Ge. These results are
in good agreement with those obtained by XRD
measurements.
The results of the shell layers in Ge/Si core�shell

NWs are shown in Figure 5c,d. Figure 5c shows Si
optical phonon peaks observed for i-Ge/p-Si core�
shell NWs. The peak position also changes according to
the shell growth time. The Si optical phonon peak
shows a downshift due to tensile stress from the Ge
core that shifts to lower wavenumbers with decreasing
shell growth time, since a thinner Si shell layer is more
affected by the Ge core. The results for n-Ge/i-Si show
similar behavior, but with different peak positions. The
peak position of the Si optical phonon peak for i-Ge/
p-Si core�shell NWs is lower than that for n-Ge/i-Si. The
lower frequency shift is caused by the Fano effect,26,27

indicating B-doping in the Si shell region of i-Ge/p-Si.
The Fano effect will be explained below.
To further confirmP and Bdoping in the shell layer of

i-Si/n-Ge and i-Ge/p-Si core�shell NWs, we show the
Raman spectra in Figure 6. Figure 6a shows the Ge
optical phonon peak observed for i-Si/n-Ge core�shell
NWs with a shell growth time of 15 min. A peak was
observed at about 345 cm�1 in addition to the Ge
optical phonon peak. The magnification is shown in
Figure 6b. The peak position coincides with that of the
P local vibrational mode in GeNWs,23 showing that the
peak can be assigned to the P local vibrational peak
and that the P atoms have been doped into the

Figure 5. (a) Ge optical phonon peaks observed for i-Si/
n-Ge core�shell NWs and (c) Si optical phonon peaks ob-
served for i-Ge/p-Si core�shell NWs. Raman shift of (b) the
Ge optical phonon peak and (d) the Si optical phonon peak
as a function of the shell growth time.
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substitutional sites of Ge atoms in the n-Ge shell of i-Si/
n-Ge core�shell NWs. The Ge optical phonon peak
shows a slightly asymmetric broadening toward lower
wavenumbers, most likely resulting from the Fano
effect,23,26,27 which is due to the coupling between
discreteoptical phonons and the continuumof interband
electron excitations in degenerately doped n-type Ge.
The Fano interference shows the electrical activity of P
atoms in the substitutional sites of Ge atoms in the
n-Ge shell. On the other hand, no asymmetric broad-
ening or P local vibrational peak were observed for
p-Si/i-Ge core�shell NWs, as shown in Figure 6c. On the
basis of these results, we can clearly show P donor
doping in the n-Ge shell of i-Si/n-Ge core�shell NWs.
Figure 6f shows the results for i-Ge/p-Si. Here, the
samples had to be annealed at 900 �C for 30 s. The
results of TEM, XRD, and Raman show that the Si shell is
almost a perfect crystal, but higher temperature an-
nealing was needed to electrically fully activate the B
dopant atoms in the Si shell. This is due to the
enhancement of radial growth by adding the B2H6

gas. Two peaks were observed at about 618 and
640 cm�1 as shown in Figure 6g. These are assigned
to the local vibrational modes of the two isotopes of
11B (80.2%) and 10B (19.8%) in the Si.28,29 We also
observed an asymmetric broadening to a higher wave-
number, which is a characteristic of highly B-doped
Si. This is due to the Fano effect. No asymmetric

broadening and B local vibrational peaks were ob-
served in n-Ge/i-Si core�shell NWs shown in Figure 6h.
These results clearly show that B atoms are located at
numerous Si atom sites and are electrically activated at
these sites, demonstrating B-acceptor doping in the
p-Si shell in i-Ge/p-Si core�shell NWs. As for impurity
doping in the core regions, we can obtain proof by
analyzing the sample before shell growth. The results
of B doping in SiNWs are shown in Figure 6 panels d
and e. The results of P doping in GeNWs are shown in
Figures 6i and 6j. P doping in the Ge core region has
also been reported in our previous results describing
P-doping in GeNWs.23 Hence, we can use Raman
analysis to show the selective doping of B and P in
Si/Ge and Ge/Si core�shell NWs. We also analyzed the
Ge and the Si optical phonon peaks using the Fano
equation.26 The asymmetric line shape of the phonon
is given by

I(ω) ¼ I0
(qþε)2

(1þ ε2)
(1)

whereω is the wavenumber, I0 is the prefactor, q is the
asymmetry parameter, and ε is given by ε= (ω�ωp)/Γ,
where ωp is the phonon wavenumber and Γ is the line
width parameter. The values of q and Γwere estimated
to be about �18.0 and 2.8, respectively, for i-Si/n-Ge.
On the other hand, the values of q and Γ were
estimated to be about 8.8 and 10.5, respectively,
for i-Ge/p-Si. From our previous results for P-doped

Figure 6. Raman spectra observed for (a) i-Si/n-Ge, (c) p-Si/i-Ge, (f) i-Ge/p-Si, and (h) n-Ge/i-Si core�shell NWs. Raman spectra
observed for (d) p-Si core NWs and (i) n-Ge core NWs. Insets b and j are themagnification of the P local vibrationalmode in the
n-Ge shell layer and the n-Ge core, respectively. Insets g and e are themagnification of the 11B and 10B local vibrational peaks
in the p-Si shell layer and the p-Si core, respectively. The shell growth time is 15 min.
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GeNWs23 and typical results for B-doped bulk Si,30�32

the electrically active P and B concentration in the Ge
and Si shells can be roughly estimated to be in the
order of 1019 cm�3. Table 1 shows the summary of the
results. According to the previous results by Gold-
thorpe et al.,12,13 some dislocations can be introduced
into the shell regions. Even if some dislocations are
introduced into the shell regions, we could achieve
high electrical active dopant concentrations, 1019 cm�3,
in the shell regions. The dopant distribution is also
important for device applications. The dopant atoms
uniformly distribute in the axial direction in the core
regions if the structures of NWs are untapered.23 On
the other hand, they distribute in the radial direction
preferentially near the surface regions.24 This is prob-
ably not a serious problem from the viewpoint of
introducing carriers from the core to the shell regions.
As for the shell regions, dopant atoms must be inho-
mogeneously distributed in the radial direction due to
the effect of stress. Considering future device applica-
tions, the thickness of the shell layers should be thin.
Therefore the dopant distribution in the radial direc-
tion alsomay not be a serious problem.We verified that
the core�shell NWs are untapered in the axial growth
direction after shell formation, showing that the axial
distribution of dopant atoms in the shell regions is
probably almost uniform.
Finally, we discuss the dopant diffusion and the

Si�Ge interdiffusion in Ge/Si core�shell NWs. The Si
shells were formed at 700 �C for n-Ge/i-Si and i-Ge/p-Si
core�shell NWs. The diffusion coefficients of P and B
atoms in bulk Si and Ge have been reported by many
researchers.33,34 The diffusion of dopant atoms de-
pends on various conditions, such as process tempera-
ture, doping concentration, defect concentration, and
strain in Si and Ge. The general agreements between
different measurements and samples are thus not
always good. For example, the diffusion activation
energy and the pre-exponential factor for P in Si have
been reported to be 2.74 ( 0.07 eV and (8 ( 5) �
10�4 cm2/s, while the corresponding values for B are
3.12( 0.04 eV and (6( 2) � 10�2 cm2/s.35 These values
are also in good agreement with results obtained by
ab initio calculations.36 On the basis of our experimental
conditions, the diffusion coefficients of B and P in Si at

700 �Care roughly in theorder of 10�17�10�18 cm2 s�1.
The reported values of the diffusion coefficient of B in
Ge are significantly scattered: namely, they have in the
past been reported to be 10�12�10�14 cm2 s�1,37,38

but more recent readings are in the order of
10�16�10�17 cm2 s�1.39,40 These more recent values
are similar to the corresponding values for B and P in Si.
On the other hand, the diffusion coefficient of P in Ge is
in the range of 8� 10�13 to 10�14 cm2 s�1, lower than
the other above-mentioned values.41�43 In the case of
n-Ge/i-Si core�shell NWs, P diffusion is possible in the
n-Ge core at 700 �C for 15 min, but diffusion to the i-Si
shell is virtually zero, due to the low diffusivity of P in
Si (less than 1 nm diffusion length). The diffusion of B
atoms from the shell to the core in the i-Ge/p-Si
core�shell NWs is also negligible, since the diffusion
length of B atoms is in the sameorder of that of P atoms
in Si. The dopant diffusion in the Si/Ge core�shell NWs
is much more difficult than in the above-mentioned
Ge/Si (n-Ge/i-Si and i-Ge/p-Si) core�shell NWs. This is
because the shell growth temperature is 600 �C for the
Si/Ge core�shell NWs, lower than that of the Ge/Si
core�shell NWs. Hence, the dopant diffusion is close to
zero in both cases. However, the interdiffusion of Si and
Ge during shell growth at 700 �C should be taken into
account. The diffusion coefficient of Ge in Si at 700 �C is
lower than 10�18 cm2 s�1, while that of Si in Ge is in the
order of 10�15 to 10�16 cm2 s�1.44�46 The diffusion of
Ge atoms into Si is virtually zero. However, it is possible
for Si atoms to diffuse as far as 10 nm at 700 �C in
15 min. This estimation indicates that the intermixing
of Si and Ge might occur, but only at the interface of
the Ge/Si core�shell NWs; and if this were to happen,
dopant diffusion might occur, but it would be limited
to the interface. We investigated the structure of core�
shell NWs using EDX measurements, but, due to low
resolution, it was close to impossible to obtain the
interdiffusion signature. If core�shell NWs are being
considered for use in nanodevices, this interdiffusion of
Si and Ge, and that of dopant atoms will be crucial
problems, since they affect the abruptness of the band
offset at the Si/Ge interface.

CONCLUSION

The growth of Si/Ge and Ge/Si core�shell NWs and
site-selective doping within them were carried out by
CVD. XRD and micro-Raman measurements clearly
revealed stress in the core and shell regions and
characterized the compressive and tensile stress pres-
ent. The formation of the Ge shell applies tensile stress
to the Si core, while the Si core applies compressive
stress to the Ge shell. Conversely, the formation of the
Si shell applies compressive stress on theGe core, while
the Ge core applies tensile stress to the Si shell. XRD
and micro-Raman measurements also clearly demon-
strated site-selective doping. XRD revealed peak shifts

TABLE 1. Summary of the Fano Parameters and Stress for

Si/Ge and Ge/Si Core�Shell Nanowires

Fano parameters stress

q Γ core shell

i-Si/n-Ge �18.0 2.8 tensile compressive
n-Ge/i-Si �18.1 2.4 compressive tensile
i-Ge/p-Si 8.8 10.5 compressive tensile
p-Si/i-Ge 5.2 12.1 tensile compressive

A
RTIC

LE



FUKATA ET AL . VOL. 6 ’ NO. 10 ’ 8887–8895 ’ 2012

www.acsnano.org

8894

due to lattice contraction caused by doping with P and
B atoms. The local vibrational peaks of P and B atoms
and Fano broadening in the optical phonon peaks

were observed using Raman scattering methods that
showed the p and n-shells in the Si/Ge and Ge/Si
core�shell NWs.

EXPERIMENTAL METHODS
Core�shell Si/Ge and Ge/Si nanowires were grown on a Si

(111) substrate by chemical vapor deposition (CVD). Gold
nanocolloid particles of 3 nm in diameter were used as seeds
for vapor�liquid�solid (VLS) growth47 of core-SiNWs and core-
GeNWs using 19 sccm of SiH4 (100%) and 10 sccm GeH4 (100%),
respectively. The total pressure was set at 8 Torr by mixing with
N2 gas. Doping with B and P was mainly performed during the
VLS growth. Doping by surface deposition can also be consid-
ered especially for the B doping.23 Diborane (1% B2H6 in H2) was
used for the p-type dopant andphosphine (1%PH3 in H2) for the
n-type dopant. Four different types of core�shell nanowires
were grown. The first structure was intrinsic-Si/n-type-Ge (i-Si/
n-Ge) core�shell nanowires. The axial growth of i-SiNWs was
performed at 550 �C for 10 min and the subsequent radial
growth of the n-Ge shell layer was achieved at 500 �C using
7 sccm of PH3. Here, we once decreased the temperature up to
room temperature in the CVD chamber before the shell
growth process. This process is effective to retard the axial
growth during the shell formation. In addition to this, PH3 gas
was introduced in advance of the shell growth. This process
also suppresses the axial growth by the VLS process. The
similar processes were also done for the other three different
core�shell NWs described below. The difference is that the
B2H6 gas was used for the third and fourth structure instead
of PH3 gas. The second structure was n-Ge/i-Si core�shell
nanowires. The n-GeNWs were grown at 300 �C for 15 min
using 0.5 sccm of PH3 and the i-Si shell layer was formed at
700 �C. The third structure was p-Si/i-Ge core�shell nano-
wires. The p-SiNWs were grown at 550 �C for 10 min using
0.2 sccm of B2H6 and the i-Ge shell layer was formed at 500 �C.
The last structure was i-Ge/p-Si core�shell nanowires. The
i-GeNWs were grown at 300 �C for 15 min and p-Si shell layers
were formed at 700 �C using 2 sccm of B2H6. Here, the dopant
gas flux during the growth of core NWs was lower than that
for the shell growth to suppress any tapered structures that
might result from surface deposition during core growth.
A clear interface between Si and Ge without oxidation was
obtained, since the background pressure in our CVD chamber
was about 2 � 10�6 Pa.
Scanning electron microscopy (SEM) and TEM were used to

observe the core�shell NWs and to investigate the details of
their structures. Energy-dispersive X-ray analysis (EDX) mea-
surements were also performed during TEM to investigate the
chemical content of the core�shell NWs. X-ray diffraction (XRD)
measurements (Cu KR radiation) were performed to investigate
individually the stress in the core and shell regions. The XRD data
were collected with parallel beam geometry. Micro-Raman scat-
tering measurements were also performed to investigate the
stress in the core�shell NWs, at room temperature using a 100�
objective and a 532-nm excitation light source. These methods
were also used to clarify the states of dopant atoms, and finally
the B and P doping in the shell region. The excitation power was
set at about 0.02 mW to prevent local heating effects by the
excitation laser.48�50 The spectral resolution of all data was
about 0.3 cm�1.
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