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The realization and application of optoelectronics, photonics, and sensing,
such as in solar diode sensors and photodiodes, which are potentially useful
from ultraviolet to infrared light sensing, is dramatically advanced when ZnO
is integrated into semiconductor nanostructures, especially when compatible
with mature silicon technology. Here, we compare and analyze the funda-
mental features of the Si-ZnO coaxial nanorod heterostructures (Si@ZnO NRs)
grown on semi-insulating (100)-oriented Si substrates at growing tempera-
tures of 500˚C, 600˚C, 650˚C, and 700˚C of the Si layer for device applications.
ZnO NRs were grown by a vapor phase transport, and Si layers were made by
rapid thermal chemical vapor deposition. X-ray diffraction, field emission
scanning electron microscopy (FESEM), energy-dispersive x-ray spectroscopy,
and Raman experiments showed that ZnO NRs were single crystals with a
würtzite structure, while the Si layer was polysilicon with a zincblende
structure. Furthermore, FESEM revealed that Si shell thickness of the
Si@ZnO NRs increases with increasing growing temperatures of Si from 500˚C
to 700˚C.
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INTRODUCTION

In recent times, semiconductor coaxial nanorod
heterostructures (@NRs) have attracted consider-
able attention because they have enormous poten-
tial in reduced electronic and optoelectronic
devices.1–4 The operation of electronic and opto-
electronic devices can be enhanced with ultrafine
@NRs because the central NRs have one-dimen-
sional (1D) quantum confinement (QC) influences.
The manufacture of submicron GaN@ZnO NRs and
results for defects were examined.5 The synthesis of
perpendicularly aligned GaN@ZnO NRs and light
emitting diodes (LED) use in the ultraviolet (UV)
range was studied.6 1D ZnO@MgZnO NRs were
recently made and investigated.7 A QC influence
exists in ZnO@ZnMgO NRs, where the size of NRs

was structured accurately, down to the monolayer
limit.8 In order to show the cause of their improved
luminescence, exciton transport in MgZnO@ZnO
NRs was reported.9 On the other hand, nanostruc-
tures and heterostructures based on silicon at-
tracted also considerable attention because they
have great applications in nano-electrical devices
and structure10–15 and are compatible with mature
silicon technology.2,16 Recently, Si@ZnS, Si@ZnSe
bi-axial nanowires (NWs), ZnS@Si@ZnS tri-axial
NWs, ZnSe@Si bi-coaxial NWs, Si@SiGe, and Ni-
Si@Si heterostructures were studied.4,17–19 Many
researchers have fabricated and investigated the
ZnO/Si nanowire core–shell structure (Si nanowire
core and ZnO nanowire shell) or ZnO NRs within
silicon nanostructures or ZnO nanowire/silicon
microrod hybrid architectures (Si nanowire core and
ZnO nanowire shell).20–22 The reason why ZnO was
chosen as a pairing with Si is that Si and ZnO are(Received May 16, 2016; accepted January 13, 2017;
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essential elements with different characteristics
and show potential engineering uses, and nanos-
tructured Si and ZnO are the most investigated
materials. Coaxial p–n heterojunction devices
characterize an advantageous structure to increase
the boundary region and carrier split-up as a result
of the built-in field formed through the junction.
Therefore, the coaxial heterostructures consisting of
ZnO NRs (n-type) and Si (p-type) layer could make
full use of the intrinsic features of ZnO and Si with
increased shell regions and the development of Si-
ZnO heterojunctions. However, 1D Si@ZnO NRs
have not been studied up to the present. To the best
of our knowledge, this is the first manufacture and
characterization of Si@ZnO NRs (ZnO NRs core and
Si layer shell).

In this report, we compare and analyze the fun-
damental features of the Si@ZnO NRs on semi-in-
sulating (100)-oriented Si substrates at Si growing
temperatures of 500˚C, 600˚C, 650˚C, and 700˚C for
device applications.

EXPERIMENTAL

The ZnO NRs were grown on a semi-insulating
(100)-oriented Si substrates by vapor-phase trans-
port (VPT) method. Detailed growing procedures of
ZnO NRs were described in previous work.23

Scanning electron microscopy (SEM) imaging shows
that the typical lengths and diameters of the de-
posited NRs obtained are in the range of 27–30 µm
and 250–500 nm. Their straight lengths and uni-
form diameters are with <1% deviation, respec-
tively. The as-grown ZnO NRs were perpendicularly

aligned with the Si substrate over a 2 × 2 cm2 area
and had basically n-type conduction (Ne � 1016 cm2).
Succeeding the production of ZnO NRs, Si layers
were grown by rapid thermal chemical vapor depo-
sition (RTCVD). Detailed growing procedures of
Si@ZnO NRs were also described in previous work.23

The morphological characteristic and chemical
composition of the Si@ZnO NRs were explored by a
field emission scanning electron microscopy (FES-
EM, XL-30 Philips) and energy-dispersive x-ray
spectroscopy (EDS). The lattice structure of the
Si@ZnO NRs was analyzed by x-ray diffraction
(XRD) with a Cu K radiation (λ = 0.154 nm), and
high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction
(SAED). A cross section TEM specimen was thinned
and polished carefully using diamond foils and ion
milling using a Gatan precision ion polishing system
(PIPS). The μ-Raman scattering analysis was car-
ried out at room temperature using a 514 nm Ar+
laser line.

RESULTS AND DISCUSSION

Figure 1a, b, c, and d display cross-sectional and
in-plane view with discrete scale: SEM images of as-
grown ZnO NRs at (a) scale bar: 50 μm (b) 20 μm (c)
10 μm (d) 5 μm. The mean length of as-grown ZnO
NRs is �28 μm. The cross-sectional SEM images in
Fig. 1 and the previous studies on the XRD spectra
of as-grown ZnO NRs prove that they are single
crystal.23 Figures 2, 3, 4, and 5 show FESEM ima-
ges in the cross-sectional and in-plane view for the
Si@ZnO NRs made at growing temperature of Si

Fig. 1. Cross-sectional and in-plane FESEM image of as-grown ZnO nanorods on Si substrate (a) scale bar: 50 μm (b) scale bar: 20 μm (c) scale
bar: 10 μm (d) scale bar: 5 μm.
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layer of 500˚C, 600˚C, 650˚C, and 700˚C. The mean
length of the Si@ZnO NRs is �28 μm. The surface
density of NRs is 1 × 109/cm2. One can see that the
Si@ZnO NRs grew perpendicularly. The Si@ZnO
NRs have reliable hexagonal form and uniform
bottoms, which are perpendicularly aligned along

the c-axis in Figs. 2, 3, 4, and 5. For the Si@ZnO
NRs made at Si layer growing temperatures of 500˚
C, 600˚C, 650˚C, and 700˚C, a mean diameter of the
ZnO nanorod and thickness of Si layer correspond to
255 nm, 537 nm, 478 nm, 359 nm, 78–85 nm,
207 nm, 336 nm, and 372 nm, respectively as shown

Fig. 2. High-magnification FESEM image of the perpendicularly aligned Si-ZnO coaxial nanorod arrays grown on Si substrate at the Si growing
temperature of 500˚C (a) scale bar: 10 μm (b) scale bar: 5 μm (c) scale bar: 1 μm (d) Scale bar: 200 nm (thickness of Si shell: 78–85 nm).

Fig. 3. High-magnification FESEM image of the perpendicularly aligned Si-ZnO coaxial nanorod arrays grown on Si substrate at the Si growing
temperature of 600˚C (a) scale bar:10 μm (b) scale bar: 2 μm (c) scale bar: 1 μm (d) scale bar: 1 μm (thickness of Si shell: 207 nm).
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in Figs. 2d, 3d, 4d, and 5d. In previous studies on
Si@ZnO NRs made at Si layer growing tempera-
tures of 550˚C, the mean diameter of the ZnO NR

and the thickness of Si layer was 330 nm and
103 nm, respectively.23 Therefore, it could be in-
ferred from the current SEM data and the earlier

Fig. 4. High-magnification FESEM image of the perpendicularly aligned Si-ZnO coaxial nanorod arrays grown on Si substrate at the Si growing
temperature of 650˚C. (a) scale bar: 10 μm (b) scale bar: 1 μm (c) scale bar: 1 μm (d) scale bar: 2 μm (thickness of Si shell: 336 nm).

Fig. 5. High-magnification FESEM image of the perpendicularly aligned Si-ZnO coaxial nanorod arrays grown on Si substrate at the Si growing
temperature of 700˚C (a) scale bar: 10 μm (b) scale bar: 1 μm (c) scale bar: 1 μm (d) scale bar: 1 μm (thickness of Si shell: 372 nm).
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study that the thickness of the Si layer increases as
the Si growth temperatures increase from 500˚C to
700˚C.

Additional fundamental investigation of Si@ZnO
NRs made at a Si layer growing temperature of 650˚
C was investigated using HRTEM and EDS. As can
be seen in Fig. 6a and b, the HRTEM image shows
that the Si layer spreads over all the length of the
ZnO NR with distinctive intensity at the center and
covering layers, which indicates that the Si layer
evenly covered the ZnO center NR. The covering
was strong and Si layers were not simply stripped
off from the ZnO center NR. The difference along
the NR outward direction shows bi-axial character.

Figure 7a show the HRTEM image of the Si@ZnO
NRs at a Si layer growing temperature of 650˚C and
Fig. 7b and c shows the typical EDS spectra chosen
at the position of O1 and O2 of the Si@ZnO NRs
made at a Si layer growing temperature of 650˚C.
The EDS spectrum chosen at the point O1 shows
that Si layer is constituted of Si. The EDS spectrum
chosen at the point O2 shows that Si@ZnO NRs are
composed of Zn, O, Si. The results of the EDS
measurements were qualitatively similar for all
currently studied samples.

The crystalline structure of the Si@ZnO NRs made
at a Si layer growing temperature of 650˚C was
examined using XRD, as in Fig. 8. Figure 8 shows the

Fig. 6. The HRTEM images of the Si-ZnO coaxial nanorod heterostructure grown on Si substrate at the Si growing temperature of 650˚C (a)
scale bar: 1 μm (b) scale bar: 500 nm.

Fig. 7. The EDS spectra of the Si-ZnO coaxial nanorod at a Si growing temperature of 650˚C: (a) HRTEM image of Si-ZnO coaxial nanorod
heterostructure (b) EDS spectrum of the Si-ZnO coaxial nanorod heterostructure detected at the point O1 (c) EDS spectrum of the Si-ZnO coaxial
nanorod heterostructure detected at the point O2.
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XRD pattern of the Si@ZnO NRs. The diffraction
peaks were assigned to polysilicon with zincblende
structure and ZnO with würtzite structure within
experimental error, representing that Si@ZnO NRs
are composed of Si and ZnO. As can be seen in Fig. 8,
center ZnO NRs displayed a main peak at 34.42˚
assigned to the ZnO (0002) crystal plane. One can see
that growing direction of ZnO NR is [0001] from
Fig. 8. The peaks observed at 2θ = 28.5˚, 47.6˚, 56.1˚,
and 69.1˚ are assigned to (111), (220), (311), and (400)
planes of the poly-Si film. It is seen that the Si@ZnO
NRs is a compound semiconductor heterostructure of
ZnO and silicon with rod appearance based on the
SEM and XRD consequences. The a- and c-axis lat-
tice constants estimated from XRD pattern are 3.249

Å and 5.206 Å for ZnO and 5.431 Å for Si, which are
in accord with the bulk.24 The results of the XRD
measurements were qualitatively similar for all
currently studied samples.

Furthermore, μ-Raman experiment was performed
to understand the composition of the Si@ZnO NRs at
the growing temperature 650˚C of Si layer, and a
characteristic Raman spectra is given in Fig. 9. Peak
detected at 99 cm−1 corresponds to E2(low) and Peak
detected 437 cm−1 corresponds to E2(high) of würtzite
ZnO, shifting up to 3 cm−1 and 2 cm−1 compared to
bulk.25 Observation of E2 optical-phonon peak shows
that the ZnO NRs has the würtzite phase. Along with
ZnO peaks, the poly-Si layer displays a strong Si peak
at521cm−1.AstrongSipeakand thenonappearanceof
anamorphousSi (a-Si)peakshowthat thecrystallinity
of the poly-Si layer is outstanding. The appearance of
the poly-Si mode shows that the Si NRs is the poly-
silicon with a zincblende structure, which is in accord
with theTEMandXRDresults.TheRaman featuresof
the Si@ZnO NRs made at the growing temperature of
500˚C, 600˚C, and 700˚C of Si layer are similar to all
currently studied samples and those observed for the
Si@ZnONRsmade at the growing temperature of 550˚
C of Si layer.23 Hence, we confirmed that the poly Si
layer was well covered over ZnO single crystal NRs
withwürtzite structure andwell-aligned Si@ZnONRs
were successfully made. The coaxial heterostructures
consisting of ZnONRs (n-type) and Si (p-type) layer as
described in this study could make the best use of the
intrinsic characteristics of ZnO and Si with increased
covering regions and the configuration of Si-ZnO
heterojunctions. The Si-ZnO coaxial nanostructures
are anticipated tohaveanadvantage in optoelectronic,
photonic, and sensing applications such as solar diode
sensor and photodiodes which is potentially useful
from UV to infrared light sensing.

CONCLUSIONS

We successfully synthesized the Si@ZnO NRs
produced at the growing temperature of 500˚C, 600˚
C, 650˚C, and 700˚C of Si layer and examined the
fundamental features of the Si@ZnO NRs at the
growing temperatures of 500˚C, 600˚C, 650˚C, and
700˚C of Si layer. FESEM revealed that a thickness
of Si shell of the Si@ZnO NRs increases with
increasing growing temperatures of Si layer from
500˚C to 700˚C. XRD, EDS, and Raman experiments
confirmed that the Si@ZnO NRs were made per-
pendicularly on semi-insulating (100)-oriented Si
substrates and the ZnO NRs was single crystals
with a würtzite structure, and the Si layer was poly-
silicon with a zincblende structure.
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Doǧan, V. Avrutin, S.J. Cho, and H. Morkoç, J. Appl. Phys.
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