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Glancing angle deposition technique has been used to synthesize the axial heterostructure
SiOx-TiO2 nanowires (NWs) on the Si substrate. The field emission gun scanning electron
microscope image shows the formation of perpendicular NWs on Si substrate. A typical
transmission electron microscope image confirms the heterostructure NW which consists of SiOx
of length 130 nm and TiO2 of length 170 nm. The amorphous NWs transformed to
polycrystalline nature after annealing. The trap assisted radiative recombination process is absent
for the annealed NWs. An averagely 1.1 fold enhanced photoabsorption was exhibited by the
annealed NWs in the 200–350 nm region and 1.5 fold in the 500–850 nm region. The leakage
current (2.6  108 A/cm2 at 0.5 V) significantly reduced for annealed NWs device. A
maximum 1.4  103 times enlarged photodetection has been observed for annealed device.
C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4858420]
V
I. INTRODUCTION

There is a great freedom in combining different materials for heterojunction semiconductor nanowires (NWs)
because of the remarkable strain relaxation in one dimension.1 The lattice mismatch between two materials and oxygen deficiency in metal oxide semiconductor introduce
defect levels at the hetero-interface and surface, which may
have crucial role in heterojunctions photodetector devices.2
The band offset at the heterojunction,3 carrier tunneling,4 and
trap state recombination process5 may alter the device characteristics. The role of interface trap between SiGe nanocrystal and Si junction for the memory devices,6 the tunnel
generation rates due to presence of traps at Si-InAs NW heterojunction in tunnel diode,7 Ge/CdS core-shell NWs for the
broadband response from visible to near-IR region,8 and
ZnO/CuO NW based high gain photodetector due to its surface defects9 has been described. The enhancement in photocatalytic property of the TiO2/SiOx/TiO2 multi-layer films10
have been studied for enhanced photocatalytic property compared to TiO2 thin film (TF) due to trap assisted recombination of photogenerated electrons at SiOx interface. Also,
the trap assisted enhanced photoluminescence (PL) from the
SiOx-TiO2 heterostructure NWs was reported by the
authors.11 So, trap assisted radiative recombination process
at the semiconductor heterojunction may be used for the fabrication of high efficiency light emitting diodes (LED),
which is different from the conventional p-n junction.
However, traps at the heterointerface of the distinguish semiconductor materials quench the photo current, due to
a)
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occupancy of the traps by the photogenerated carriers which
leads to the unavailability for the current conduction.
Therefore, the elimination of trap states at the two different
semiconductor interfaces is required to enhance the photo
response of the device. The metal oxide semiconductors
(ZnO, TiO2, etc.)12,13 and SiOx NWs14 were described for
the oxygen molecule trap related enlarged photodetection.
There are also some reports on metal oxide heterostructure
NWs for enhanced photosensitivity. The large photosensitivity and fast responses under UV illumination has been
observed from Cu2O-shell (p-type)/TiO2-NW-core (n-type)
photodiodes,15 where the radial transportation was considered at p-n junction. The ZnO (n-type) coated CuO NW
(p-type) heterojunction device was reported for 154%
increased photoconductance16 under white light illumination.
However, there is no report on the improved photon detection
by SiOx-TiO2 axial heterostructure NWs due to removal of
interface trap states and at the same time the presence of oxygen related defect states at its surface after annealing the material. The improved vertical transportation of carriers takes
place through the annealed TiO2-SiOx heterointerface. The current conduction mechanism is different from mostly reported
p-n junction core-shell oxide semiconductor NW devices.
In this article, we have explained the fabrication of
SiOx-TiO2 heterostructure NWs by using glancing angle deposition (GLAD). The improved crystal structure of the
annealed NWs eliminates the heterointerface trap levels in
the as grown NWs, which is confirmed from PL. The
enhanced and broadband photon absorption by the annealed
NWs is described. The role of oxygen trap states in the
annealed NWs for enhanced photo conduction has been
demonstrated.
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II. EXPERIMENTS

GLAD was implemented to synthesize SiOx-TiO2 heterostructure NW arrays by evaporating 99.999% pure (MTI,
USA) SiO and TiO2 using e-beam evaporator on n-type Si
h100i substrate (35 X cm) at a base pressure of 2  105
mbar. The substrates were put on the substrate holder at a
perpendicular distance of 24 cm from the evaporation source.
The substrates were then employed at a constant azimuthal
rotation of 460 rpm and at an orientation of 85 with respect
to the perpendicular line between the source material and the
planer substrate holder for NWs synthesis. The deposition
rate of 1.2 Å s1 was kept constant for both SiOx and TiO2
(250 nm each) which was monitored by a quartz crystal
inside the chamber. The samples were then annealed in open
air condition at 950  C for 1 h inside the tube furnace
(GSL-1700X, MTI, USA) using even heating and cooling
ramp of 4  C/min. Ag has been evaporated on the top of the
as grown and annealed samples to form the upper electrode
(1.77  106 m2) contact of the devices.
The samples were characterized by field emission gun
scanning electron microscopes (FEG-SEM) (JEOL, JSM7600 F) and energy dispersive analysis of X-ray (EDAX).
The transmission electron microscope (TEM) (JEOL, JEM2010) investigation with selected-area electron diffraction
(SAED) analysis has been performed on the samples. The
optical absorption measurement was done on the samples by
a UV-visible near-infrared spectrophotometer (Lambda 950,
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Perkin Elmer). The current (I)-voltage (V) characteristics of
the samples were investigated by using a Keithley 236
source-measure unit through the Ag contact. The photocurrent measurement was performed under the illumination of
halogen bulb (20 W).
III. RESULTS AND DISCUSSION
A. FEG-SEM and TEM analysis

Figure 1 shows the FEG-SEM images, EDAX analysis
along with its chemical mapping, and TEM images of the
samples prepared at 85 GLAD and 460 rpm azimuthal rotation of the substrate. Figure 1(a) (lower inset) shows the top
view of the as grown NWs. The average top diameter of the
NW was calculated around 40 nm. The cross-sectional
view of the sample (Fig. 1(a)) contains perpendicular NW
arrays of different lengths. The die out NW is indicated in
the FEG-SEM as well as in the TEM images which can be
attributed to the competitive growth in GLAD.11 The bottom
of the NWs consists of SiOx, and the top consists of TiO2,
which is clearly seen from the difference in color contrast of
a typical TEM image of the NWs. The lighter portion of the
NW is SiOx of length 130 nm and comparatively the darker
portion of the NW is TiO2 of length 170 nm, calculated
from the typical TEM image (Fig. 1(a), inset). The as grown
SiOx and TiO2 are amorphous in nature, which was confirmed from SAED analysis. Figure 1(b) shows the top view
of the annealed SiOx-TiO2 NWs.

FIG. 1. (a) Cross-sectional, top-view
(lower inset), and TEM images with
SAED of as grown NWs. (b) Top-view
and TEM images with SAED of
annealed NWs. (c) EDAX analysis
with chemical mapping (inset).
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After annealing, the individual NWs coupled to each
other and formed a porous TiO2 film on the top of the SiOx.
Then the SAED analysis was done on the TiO2 portion of the
individual NWs, which shows the polycrystalline nature of
the material (Fig. 1(b)). The EDAX analysis (Fig. 1(c))
shows the presence of oxygen (O2), silicon (Si), and titanium
(Ti) in the as grown and annealed samples. The spectrum
shows the emission from O K, Si K, and Ti K shells. The
emission from Si K shell was from the SiOx NWs and Si substrate. The as grown samples contain 25.05 at. % of O2,
which increases to 30.29 at. % after open air annealing due
to absorptions of O2 molecules from air. The EDAX mapping of both the samples as well as the presence of O2 (blue),
Ti (green), and Si (red) is displayed in Fig. 1(c) (inset). The
higher temperature (>800  C) annealing process may start to
separate the SiOx into its SiO2 phase and Si clusters17
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resulting in higher concentration of Si. The enlarged Si concentration in 950  C SiOx is clearly viewed in EDAX spectrum as well as in chemical mapping.
B. Optical absorption and PL emission of SiOx-TiO2
heterostructure NW arrays

Optical absorption measurement was performed on the
as grown and annealed SiOx-TiO2 heterostructure NWs samples (Fig. 2(a)). An averagely 1.1 and 1.5 fold enhanced
photoabsorption was exhibited by the annealed NWs in the
200–350 nm and 500–850 nm regions, respectively. The
absorption in the UV region is dominated by the TiO2. The
optical band gap of SiOx nanostructured films varied from
2.9 to 2.1 eV due to the presence of different concentrations
of Si in the complex.17 The authors have already reported the

FIG. 2. (a) UV-Vis absorption spectrum (b) band diagram of as grown and annealed SiOx-TiO2 heterostructure NWs along with different optical as well as
recombination processes and (c) photoluminescence spectrum.
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optical sub-band gap at around 2.2 eV which corresponds to
as grown SiOx nanostructure.11 Figure 2(a) shows the significant enhancement in absorption from 550 nm and higher
wavelengths for the annealed SiOx-TiO2 heterostructure
NWs as compared to as grown NWs. The maximum optical
absorption has been observed at 620 nm (2.0 eV) for the
annealed NWs. During high temperature (950  C) annealing,
the phase separation and Si atoms agglomeration started in
SiOx, which enhanced interaction between the Si-Si bonds
and decreased the band gap.17 Also, at higher annealing temperature, tensile stresses become more dominant,18 which
induced thermal defects19 and reduced the optical band gap.
Therefore, due to annealing the sub-band gap position inside
the SiOx nanostructure may change and the corresponding
optical transition decreases from 2.2 to 2.0 eV. Also the nature of the optical absorption spectrum depends on the relative positions of the valance band maximum and the
transition states in energy ðEÞ–momentum ðKÞspace. The
sharp transition has been observed for the direct band gap
ðDK ¼ 0Þ, which is slow for the indirect bandgap ðDK 6¼ 0Þ
materials. In our SiOx material, it is desired that phonon will
be created (due to presence of oxygen related defect states)
at the time of photon absorption to balance the momentum
difference of the transient particles between valance band
and the next transition states. Therefore, the above process
decreases the probability of photon absorption and produced
slow rise and decay in optical absorption process on either
side of the absorption maxima. The optical absorption in
Fig. 2(a) shows the steady rise and fall around the maximum
absorption at 620 nm, which may be due to the above
described reason. It is already reported that the emission at
720 nm is from quantum size Si (<5 nm in diameter) interface between the ultrafine silicon core and the sheathing silicon oxide layer.20 Also, authors have reported the maximum
absorption at 1.7 eV (720 nm) from Si nanoparticles present in the GLAD synthesized Si-SiO NWs.21 In this situation, the SiOx NWs were fabricated under same condition,
and after annealing it may segregate to produce the Si nanoclusters. The absorption within the wavelength of
720–800 nm (with peak at 740 nm) may be due to the presence of such Si clusters. Therefore, the presence of SiOx in
heterostructure increases the light absorption in the
near-infrared region (Fig. 2(a)). Schematically, the different
optical transition processes for the as grown and annealed
samples have been represented in the Fig. 2(b). The annealed
NWs have thermally induced defect states,19 which may produce different optical transition processes into the bandgap
of the material. These processes increase the photon absorption in the UV-Vis region, which coupled to the main and
sub-band gap transition to enhance the optical absorption as
compared to as grown NWs.
The room temperature (RT) PL spectra of as grown and
annealed SiOx-TiO2 heterostructure NW samples were
recorded using an excitation wavelength of 250 nm from a
xenon lamp, shown in Fig. 2(c). The as grown heterostructure assembly shows the emission at 378 nm (3.2 eV,
FWHM 33.45 nm) along with a very high intense emission at
399 nm (3.1 eV, FWHM 15.9 nm). We have reported the
main band transition of the as grown TiO2 NW assembly
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(prepared at 460 rpm GLAD) at 383.9 nm.22 Therefore, the
emission in the present case at 378 nm is from the TiO2. It is
also reported that the SiOx-TiO2 axial heterostructure NWs
on ITO coated glass substrate shows the sharp PL emission
at 395 nm due to radiative recombination (Fig. 2(b)) of the
photo excited electrons in the TiO2 at the acceptor like traps
present in SiOx (due to high work function of SiOx than that
of the TiO2 the photo excited electrons into TiO2 are
attracted towards the SiOx and recombine at the acceptor like
trap) of the structure.11 So, the emission at 399 nm from the
SiOx-TiO2 structure is also due to similar recombination
mechanism, as already been reported.11 However, in case of
annealed NWs no emission has been observed at 399 nm and
a very low intense peak at 381 nm (3.2 eV, FWHM
32.91 nm) was recorded (Fig. 2(c)). Due to open air annealing at 950  C, the crystal structure (TEM analysis) of the
SiOx-TiO2 NWs improved and eliminated the interface trap
states (Fig. 2(b)). The photoexcited electrons in the TiO2 material then shows the low intense main band transitions at
381 nm, which is close to the main band transition at 378 nm
from as grown TiO2 NWs (Fig. 2(c)). After annealing, the
oxygen molecules were absorbed at the surface of the NWs
and attracted electrons from the material, which produced
negatively ionized oxygen level into the band gap of TiO2.
Under photon excitation on TiO2, the photoexcited electrons
left the holes in the valance band which were attracted by the
oxygen trap states and thereby recombine (Fig. 2(b)) to produce the neutral oxygen molecules. Also, the columbic force
between few ionized oxygen state and holes at the valance
band may also produce exciton, which prevents the carrier
recombination as well as the probability of electron-hole
recombination into TiO2. Finally, the low intense photon
emission results at 381 nm, close to TiO2 main band transition. A small difference of 3 nm in main band transition of
TiO2 material may also be due to the increase in thermally
induced defect states (tensile stresses) and therefore band
gap reduction. The increase in defect states enhances the non
radiative recombination process, which is the reason for low
intense radiation at 381 nm.
C. Photoresponse of the devices

Figure 3(a) shows the I–V characteristics (Keithley 236
meter) for the as grown and annealed SiOx-TiO2 NW detector through the Ag Schottky contact. The devices (schematic:
Fig. 3(a), inset) were then examined under the halogen light
(20 W) illumination for photocurrent measurement. The turn
on voltage of the as grown device shows at þ0.55 V and
þ0.25 V, which shifted to þ7 V and þ0.6 V for annealed device under dark and light illumination, respectively.
Stankiewicz et al.23 reported that the forward turn-on voltage
for the In2O3 TF device was at þ1.5 V, due to the high defect
densities at the interface of the junction. In our case, the low
turn on voltage of the as grown device is due to the presence
of large trap states at the heterointerface as well as at the
metal semiconductor junction. In case of annealed device,
the improved crystal structure removes the traps in the material, which reduces the carrier tunneling in the device.
Again, the annealed NWs absorbed oxygen molecules, which
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FIG. 3. I–V characteristics of annealed and as grown NWs detectors and device schematic (inset) and (b) photoresponse.

capture free electrons from the SiOx-TiO2 NWs and produced a depletion layer.24 This may be the reason of lower
conductivity and higher turn on voltage (þ7 V) of the
annealed device under dark condition. The current for the as
grown device was recorded 3.95  104 A/cm2 (dark) and
6.33  104 A/cm2 (light), which were 1.08  107 A/cm2
(dark) and 2.43  104 A/cm2 (light) for the annealed device
at þ3 V. Under illumination, a large number of electrons are
generated, which effectively reduces the Schottky barrier
height at the Ag and SiOx-TiO2 NW junction under forward
bias and increases the current.25 A very low leakage current
of 2.6  108 A/cm2 at 0.5 V was produced by the annealed
device than that of the as grown (1.7  106 A/cm2 at
0.5 V), due to the removal of trap levels and corresponding
carrier tunneling.
Then the photo-responsivities of the annealed and as
grown devices were calculated for the forward bias conditions from the ratio of light to dark current of the SiOx-TiO2
NW detector separately. An averagely 1.2  103 fold
enhanced photosensitivity (Fig. 3(b)) for the annealed device
was observed as compared to as grown, under the applied
potential range of þ2 to þ5.5 V. In case of as grown devices,
the maximum photoexcited electrons in the TiO2 material
recombine with the hole traps at the SiOx, and a small number of electrons are available for the current conduction as
compared to the annealed device.
This may be the reason of high photosensitivity of the
annealed device. The maximum photosensitivity of
1.4  103 times has been observed at þ5.5 V for the
annealed device as compared to as grown. Also, the annealed
sample consists of large numbers of oxygen molecules at its
surface compared to the as grown sample. Under light illumination, the photoexcited holes reacts with the ve ionized
oxygen molecules (Fig. 2(b)), which reduced the depletion
region compared to that of the annealed devices. Therefore,
the elimination of radiative recombination process between
acceptor like traps states and photoexcited electrons at the
SiOx-TiO2 heterointerface together with the depletion width
reduction increases the majority carriers for the device conduction. The maximum photoresponsivity of the annealed

device at þ5.5 V may be due to the presence of smaller
depletion region in the device, which again increases by carrier ionization at large forward bias and hence the
responsivity.
IV. CONCLUSION

The axial heterostructure SiOx-TiO2 NWs were fabricated by GLAD. The annealed NWs show the polycrystalline
nature. The presence of free O2 molecules at the surface of
annealed NWs and formation of Si clusters inside SiOx nanostructure due to annealing results in different transitions process in the UV-Vis region and coupled to the main and
sub-band gap transition to enhance the optical absorption
(1.1 fold in the 200–350 nm region and 1.5 fold in the
500–850 nm region) as compared to as grown NWs. In case
of annealed NWs, no emission has been observed close to
399 nm because of improved crystallinity and elimination of
the interface trap states. The annealed device shows low current conduction under dark due to the presence of oxygen
related depletion layer. A low leakage current of 2.6  108
A/cm2 at 0.5 V was recorded for annealed NWs. Efficient
reduction of depletion region and maximum 1.4  103 times
enhance photodetection was observed for the annealed devices under illumination. The non recombination of carriers at
the interface of SiOx-TiO2 under incidence of white light,
supplies supplementary carriers for device conduction and
active separation of carriers produced the enlarged detection.
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