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A B S T R A C T

Silicon nanotubes (Si NTs) show a unique structure compared to other silicon nanostructures, such as porous sili-
con, silicon nanoparticles, and silicon nanowires. Si NTs' well-defined structure in terms of silicon shell thickness,
inner diameter, and length with a high surface area makes them useful in myriad applications. In this work, we
fabricate Si NTs by using ZnO nanowires as templates; the Si NTs have a shell thickness of ~13 nm, inner diame-
ter of ~80 nm, and a length in the range of 1–2 μm with embedded Co3O4 nanoparticles (NPs), which are formed
by annealing the cobalt ion-implanted Si NTs. The cobalt ion implantation was carried out at 50 keV with a flu-
ence of 7.5 × 1015 ions/cm2. The morphology and composition of the cobalt-NP decorated Si NTs are character-
ized by using scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDX), transmission
electron microscopy (TEM), and x-ray photoemission spectroscopy (XPS). TEM, HRTEM, XPS, and Raman spec-
troscopy studies confirm the formation of Co3O4 nanoparticles in the NTs. The temperature-dependent zero-field-
cooled (ZFC), and field-cooled (FC) magnetization for the Co implanted Si NTs before and after annealing is also
measured and shows little magnetic response due to the low concentration of cobalt in the nanotubes. The fabri-
cation process is compatible with the current semiconductor industry methods and may find potential applica-
tions in magnetic drug delivery and devices.

1. Introduction

Nanostructured silicon has multiple applications in lithium-ion bat-
teries, photovoltaics, drug delivery, gene delivery, bioimaging, mag-
netic resonance imaging (MRI), and electronics [1–5]. One such silicon
nanostructure is silicon nanotubes (Si NTs), which are unique when
compared with other silicon nanostructures such as porous silicon (pSi)
because of their well-defined structure, namely their length, shell thick-
ness, and inner diameter. In contrast, the pSi has a dendritic structure
where the porous are interconnected [6,7]. Si NTs can be produced us-
ing a number of different methods, including arch discharge, alumina
template, and ZnO nanowire template [8]. of these methods, using ZnO
nanowires as a template is one of the best ways to grow Si NTs because
of its ability to accurately control the inner diameter, length, and shell
thickness of the nanotubes. The inner diameter and length of the Si NTs
can be tuned by changing the dimensions of the ZnO nanowire tem-
plates with the ZnO nanowire's length and diameter. At the same time,

the shell thickness is controlled by the deposition parameters of the sili-
con layers grown on top of the ZnO nanowires. After the deposition of
silicon onto the ZnO nanowires, the wires are etched away using a 1%
HCl solution, leaving behind the desired Si NTs. As for the arch dis-
charge method, it simultaneously produces a mixture of silicon
nanoparticles, nanowires, and nanotubes, with meager yields of Si NTs
due to the majority of the products being nanoparticles [8,9], and it is
difficult to separate Si NTs from the other products by the arc discharge
method. Using alumina oxide as a template method can easily overfill
the pore size, producing silicon wires rather than Si NTs [10]. For these
reasons, we use the ZnO nanowires as a template to fabricate Si NTs
with controllable sizes.

Cobalt is a d-block transition metal with unique properties useful for
catalysts, nanosensors, and nanoelectronics applications [11,12]. Sev-
eral methods have been used to produce cobalt nanostructures, includ-
ing hydrothermal processing, electrodeposition, pyrolysis, and polyol.
However, these methods are incompatible with current microelectronic
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industry standards, among other issues such as precise control of the
particle size and agglomeration [13]. [14–16] When the cobalt is oxi-
dized as Co3O4, it presents different states, making it very attractive for
spintronics applications. This is because Co3O4 has a transition from fer-
romagnetic to antiferromagnetic at Neel temperature ~ 30 K. This tem-
perature is increased when pressure is applied due to a change from
normal spinel to inverse spinel [17,18]. However, these applications
have yet to be exploited due to the complexity of the magnetic struc-
ture. [17,19,20] Therefore, the incorporation of Co3O4 nanoparticles
(NPs) into Si NTs may have potential applications in nanoelectronics
and spintronics while being compatible with the current industry stan-
dard silicon processing technologies.

In this work, cobalt nanostructures were fabricated inside Si NTs via
implantation of low-energy cobalt ions and post-thermal annealing. The
Si NTs were fabricated using ZnO nanowires as templates, with Si NTs
dimensions of inner diameter ~ 80 nm, shell thickness ~ 13 nm, and
length in the 1–2 μm range. To our knowledge, the cobalt-decorated Si
NTs via ion implantation have not been reported before. Ion implanta-
tion is generally used to introduce targeted dopants into various sub-
strates in a very controlled way. The concentration and desired depth of
the doping or impurity elements can be controlled by changing the ion
fluence and ion energy during the implantation process. In this case, we
used a fluence of 7.5 × 1015 ions/cm2 using a low energy ion implanta-
tion at 50 keV. The depth and concentration profiles of the ions in the
substrate mainly depend on the mass, energy, fluence, and angle of inci-
dence of the implanted ions. The energy of the incident ions can be
tuned depending on the required depth profile of the implanted ions
[21]. After an annealing process, we observed the formation of Co3O4
NPs on the Si NTs. The structure and properties of the Si NTs decorated
with cobalt ions were studied by Scanning electron microscopy (SEM),
Transmission Electron microscopy (TEM), Raman, and X-ray photoelec-
tron spectroscopy (XPS). Our approach using ion implantation for Si NT
decoration with cobalt oxide provides an easy way to control the con-
centration of the nanoparticles. It can be generalized to other metal ele-
ments.

2. Results and discussion

As discussed in our previous work, we used ZnO nanowires as a sac-
rificial template for fabricating Si NTs, where different diameters,
lengths, and shell thicknesses for these Si NTs were reported [22–24]. A
diagram of the fabrication process is shown in Fig. S1. First, ZnO
nanocrystal seeds were synthesized using hydrothermal and deposited
on the substrate using the spin coating method, followed by annealing
at 300 °C. A typical (TEM) image of these ZnO nanocrystals is shown in
Fig. S2. The ZnO seeds have diameters ranging from 1 to 5 nm and are
highly crystalline with a lattice spacing of d = 0.276 nm corresponding
to the (100) plane of ZnO. The inset of Fig. S2 is the Fast Fourier Trans-
form (FFT) of the TEM image and demonstrates the polycrystalline
structure of the ZnO nanocrystals with random crystal orientations. The
ZnO nanowires were grown by a hydrothermal process on the substrate
coated with the ZnO seeds. Fig. S3 shows a typical SEM image of these
ZnO nanowires. Note that the diameter of the ZnO nanowires deter-
mines the Si NTs' inner diameter and length. The silicon shell was de-
posited onto the ZnO nanowires using a chemical vapor process, and
the Si deposition conditions and time controlled the shell thickness. Af-
ter etching the ZnO core away, the Si NTs were formed, as shown in
Figs. 1a and 1b. Fig. 1c shows the distribution of the Si NT wall thick-
ness with an average value of 13. 2 ± 2.4 nm. Fig. 1a-b shows typical
TEM images of the Si NTs after etching, while the corresponding SEM
images are shown in Fig. S4.

In this study, we selected the deposition condition to produce Si NTs
with inner diameters of ~80 nm, tube wall thicknesses of ~13 nm, and
lengths in the range of 1–2 μm. After the cobalt ion implantation, the Si
NTs were annealed in a helium atmosphere to form Co3O4 NPs. Fig.

S4a-b shows the Si NTs before and after the Co ion implantation, while
Fig. S4c shows an image after the annealing in helium gas at 600 °C for
2 h. The SEM images show that the morphology of Si NTs is unaffected
by the ion implantation and annealing processes. Figs. 1d-e and 1 g-h
show TEM images of Si NTs after the ion implantation and annealing
processes. A deformation in the tips of the Si NTs is observed due to the
ion implantation. The tube wall thickness increased from
13.2 ± 2.4 nm to 19.4 ± 3.8 nm, as shown by the size distribution in
Fig. 1c and 1f and Fig. S5. This volume swelling in the Co implanted Si
NTs can be attributed to the formation of nanovoids/vacancy clusters
and nano-bubbles in the tube wall [25,26]. The Co implantation process
causes the deformation of the NTs in the tip due to a tilt of NTs of about
20 degrees with respect to the flux of the ion source. Note that Co3O4
NPs are not observed before annealing. Therefore, the annealing
process is necessary to form the Co3O4 NPs with an average size of
3.3 ± 1.3 nm, as shown in Fig. 1i. The formation of Co3O4 NPs is most
likely attributed to an Ostwald-type ripening process. In this process,
the initial step is the cobalt ion implantation in the Si NTs; during this
step, depending on the ion implantation fluence, the substrate can suf-
fer damage, which can be reversible or irreversible. In this case, with
the fluence of 7.5 × 1015 ions/cm2, the Si NTs suffer damage due to
the formation of the vacancy clusters, nanovoids, and nanobubble cre-
ated within the Si NTs. With the thermal annealing at 600 °C, the ion's
mobility produces a local saturation followed by nucleation with the
growth of the Co3O4 NPs, and the final step is coalescence [27,28]. In
future experiments, Co3O4 NPs can be controlled with ion implantation
conditions such as fluence, time, vacuum pressure, the energy of the im-
planted ions, and substrate conditions such as temperature and nan-
otube dimensions.

Fig. 2 shows the TEM-EDX maps of the Co implanted Si NTs after
annealing. A uniform distribution of Co is observed with an atomic
percentage value of 1.03% Co in the Si NTs. High-resolution TEM
(HRTEM) images of the as-prepared Co implanted Si NTs before and
after annealing are shown in Fig. 3a-d. The corresponding FFTs are
also included in the inset. The fresh Si NTs have a lattice spacing
d = 0.310 nm associated with the silicon (111) plane (Fig. 3a). This
proves the Si NTs are polycrystalline after the fabrication process, as
shown on the FFT [29]. After the ion implantation, the Si NTs are no
longer crystalline, as shown in Fig. 3b and corroborated by the FFT in
the inset. It suggests that the Co ion implantation destroys the crys-
talline structure of Si due to the creation of defects such as vacancies
and nanovoids within the Si NTs' structure. After annealing, Co3O4
NPs are formed within Si NTs (Fig. 3 c-d). The particles are found to
have lattice spacing d = 0.188 nm and d = 0.209 nm, which corre-
spond to the (101) and (100) planes of cobalt oxide, respectively [30].
One can also see that the crystallinity of Si with lattice spacing
d = 0.310 nm is restored after annealing, as shown in Fig. 3c.

Fig. 4 shows Raman spectra taken on the as-prepared Si NTs and
those of Co implanted Si NTs before and after the annealing process.
The as-prepared Si NTs have a Raman mode at 496 cm-1, consistent
with nanocrystalline silicon. However, only a weak and broad Raman
peak around 480 cm−1 from amorphous Si is observed after Co ion im-
plantation. This is consistent with our previous observations from
HRTEM (Fig. 3a-b), which show the destruction of the crystalline
structure of the Si NTs after implantation. After the annealing process,
a strong Si Raman peak at 500 cm−1 is observed, again demonstrating
the recovery of the crystalline Si domain in the Si NTs, consistent with
HRTEM measurements. In addition, two other broad peaks at
~300 cm−1 and ~ 970 cm−1 are observed in both the as-prepared and
annealed Si NTs, which are consistent with the scattering of two trans-
verse acoustic (2TA) phonons and two transverse optical (2TO)
phonons respectively for silicon.

X-ray photoelectron spectroscopy (XPS) was performed on the Co
implanted Si NTs before and after annealing, as shown in Fig. 5. A Co 2p
signal is observed in both samples with and without annealing. Before
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Fig. 1. a-b) TEM images of as-prepared Si NTs; c) Shell thickness distribution of as-prepared Si NTs; d-e) TEM images of Co implanted Si NTs; f) Shell thickness size
distribution after Co implantation; g-h) TEM images of Co implanted Si NTs after annealing; and i) Size distribution of Co3O4 NPs.

annealing, Co3+ at 780.05 eV (Co 2p3/2) and Co2+ at 781.7 eV (Co
2p3/2) are observed in the XPS spectra; these values are consistent with
the reported in the literature for Co3O4, which the sample contains
15.5% Co3+ and 84.5% Co2+ respectively [31–33]. After annealing, it
emerges in the spectrum with 53.2%, 46.8% of Co3+, and Co2+, respec-
tively. This confirms the presence of the Co3O4 NP compositions.

Temperature-dependent zero-field-cooled (ZFC) and field-cooled
(FC) magnetization for the Co implanted Si NTs before and after anneal-
ing are given in Fig. 6a. No significant difference is detected between
the samples before and after annealing. A VSM plot measured at 300 K
and 5 K is shown in Fig. 6b-c. Both samples show a linear response in
the magnetization without a hysteresis loop at both 5 and 300 K. For
this reason, the remanence and the coercivity values have not been cal-
culated. This poor magnetic response is likely due to the extremely
small amount of Co contained in the sample. The Si NTs samples have
silicon in the micrograms range, with the amount of cobalt having only
a 1% atomic concentration. Therefore, it is not surprising that no signif-
icant magnetic response was observed.

3. Conclusions

In conclusion, we have fabricated Si NT arrays using a ZnO template
process and decorated the NTs with Co via a targeted energy ion im-
plantation process. The Si NTs dimensions were ~ 13 nm shell thick-
ness, ~80 nm inner diameter, and 1–2 μm length. The ion implantation
was done with a fluence of 7.5 × 1015 ions/cm2 using a low-energy ion
implantation at 50 KeV. The structural and compositional studies utiliz-
ing TEM, HRTEM, XPS, and Raman spectroscopy confirm the formation
of Co3O4 nanoparticles in the NTs. This material composition opens the
possibility for magnetics device applications through a process compat-
ible with the current semiconductor industry.

4. Experimental methods

4.1. Materials and equipment

From Sigma-Aldrich were purchased: Zinc acetate
Zn(CH3COO)2·2H2O, sodium hydroxide NaOH, methanol MeOH,
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Fig. 2. (a) TEM-EDX maps and (b) typical EDX spectrum of the Co-implanted Si NTs.

Fig. 3. HRTEM of a) Si NTs, b) Co implanted in Si NTs, and c-d) Annealed Co implanted in Si NTs.

ethanol EtOH, toluene, zinc nitrate hexahydrate Zn(NO3)2·6H2O, hexa-
methylenetetramine HMTA, from Praxair: 0.5% silane SiH4 in helium
He, UHP grade.

Characterization was done with scanning electron microscopy (FEI
Quanta 200) with energy-dispersive X-ray (EDX), Transmission electron
microscopy (TEM) JEOL JEM-2100, Raman RENISHAW with an excita-

tion of 532 nm, and X-ray photoelectron spectroscopy (XPS) PHI 5000
Versaprobe Scanning XPS/UPS microscope. During the XPS measure-
ment, Al monochromatic X-ray radiation (1486.7 eV) was focused to a
spot size of about 200 μm2, and the pressure of the target chamber was
maintained at 9 × 10−9 mbar. The spectrum was referenced using O
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Fig. 4. Raman spectra of the as-prepared Si NTs and the Co implanted Si NTs
before and after annealing.

Fig. 5. High-resolution XPS of Co 2p for Co implanted Si NTs before and after
annealing.

1 s from the native SiO2, and the baseline was taken using the Shirley
function.

4.2. Fabrication of silicon nanotubes

ZnO nanocrystals (seeds) were prepared by mixing a solution of
Zn(CH3COO)2 (12.5 mL, 0.01 M), MeOH (25 mL), and NaOH (6 mL,
0.03 M) for 2 h at 60 °C. ZnO seeds were deposited on a Silicon wafer
with a spin coating at 3000 rpm; then, the substrates were annealed at
300 °C for 1 h. This ZnO nanocrystal has a diameter in the range of
1–5 nm and is highly crystalline, as shown in the TEM in S1. Si wafer
coated with ZnO seeds were incubated in a solution containing 0.1 M of
Zn(NO3)2 and 0.1 M of HTMA for 3 h at 95 °C. Silicon was deposited by
a CVD process using silane as silicon precursor (0.5% SiH4 in He) (20
sccm) diluted further in pure (UHP) He gas (250 sccm) at 540 °C for
5 min. The ZnO nanowire core was removed with 1% HCl at room tem-
perature, followed by DI water rinsing several times.

4.3. Implantation of Cobalt ions into porous silicon nanotubes

The cobalt ion implantation was carried out using 50 keV Co- ion
beam into Si NT array with a fluence of 7.5 × 1015 ions/cm2 using a
low energy ion implantation system available at the Ion Beam Labora-
tory (IBL) of the University of North Texas (UNT) [34]. A National Elec-
trostatics Corporation (NEC) Source of negative ions by cesium sputter-
ing (SNICS-II) was used to produce and accelerate the Co- ions from a
solid cathode. In order to avoid ion channeling, the Si NT was tilted by
20 degrees to the direction of the incident beam. The implantation
chamber was kept under a high vacuum with a pressure of
7.5 × 10−8 mbar. Before the implantation of the cobalt ions, the energy
and fluence were estimated by a well-known ion-solid interaction simu-
lation code SRIM [35] The simulated cobalt ion implantation concen-
tration depth profile in silicon is shown in Fig. S6. The simulation was
performed for 100,000 ions in full cascade method, including the sur-
face sputtering effects. The silicon's density was 4.98 × 1022

atoms/cm3.
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