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Characteristics of Photosensors with TiO, Nanorods
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TiO, nanorod arrays (TNAs) were grown on glass substrates by a chemical solution route and the fabrication of a photodetector (PD) with
selective growth of TNAs have been demonstrated in the study. The PDs with TNAs compared to the conventional film-type TiO,-based PDs,
it was found that the UV response of such a device can be increased about 10" times. This giant enhancement of photoresponsivity in the
fabricated nanorod PDs can be attributed to the existence of TNAs, due to TNAs could provide a directed path for electrical transport and also

improve optical absorption for its large surface-area-to-volume ratio.

1. Introduction

Titanium dioxide (TiO,) is a wide band-gap semiconductor
material that is sensitive in UV region as well as applications for
biological, oxygen sensitivity, catalysis, and solar energy
conversion. The anatase TiO, structure has interested a lot of
attention within the last decades for its technological applications
such as photovoltaic solar cells and photodetectors (PDs) with
promising efficiency [1, 2]. Rutile TiO, has some advantages over
anatase such as higher chemical stability and higher refractive
index One-dimensional (1-D) TiO, nanostructures have been the
attention of intensive research owing to their unique size-related
effect physical properties, mechanical flexibility, and potential
development as building blocks for electronic nanodevices [3-5].

The fabrication of large-area ordered assembly of nanowires
with controlled orientations and density is essential; nevertheless, it
still presents a major bottleneck holding back their potential
applications. E. Bae et al reported the crystal phase, shape, and
size of TiO, particles were found to be greatly dependent on the
concentration of PVP in the solution. Addition of hydrophilic
polymer PVP enabled control of exposed crystal faces of rutile
TiO, nanorods in crystallization during hydrothermal treatment [6].
H. F. Luet al studied amorphous TiO, nanotube arrays for oxygen
sensors [7]. They were synthesized on a titanium substrate using
anodic oxidation in an electrolyte ammonium fluoride and evaluate
for low temperature oxygen sensing. The growth mechanism of
TiO, nanotubes and influence of PT-substrate on the morphology
of the prepared TiO, nanorod arrays (TNAs) have been discussed
by Y. Li et al [8] Besides, a MSM TiO, UV detectors with Ni

electrodes on Si substrates fabricated by X. Kong et af [9]. These
reports indicated that TiO,-based one dimensional nanostructures
have attracted much attention due to their excellent properties and
important applications. Compared with TiO, thin films, TiO,
nanorod arrays have lower recombination rate for excited
electron-hole pair.

In this work, we report the fabrication and characterization of
UV photodetectors with TiO, nanorods. The TiO, nanorods were
selectively grown on the gap of Ag electrodes by chemical solution
method through a photolithography process. We found the
fabricated TNAs photodetectors demonstrated a  higher
photoresponse and UV-to-visible rejection ratio than the thin film
TiO, photodetectors.

2. Experimental

Before the device fabrication, the Corning glass substrates
were cleaned by sequential ultrasonic treatment in detergent,
deionized water, acetone, and isopropyl alcohol. The samples were
loaded into the chamber of radio frequency (RF) magnetron sputter
system. Finally, 150-nm-thick TiO, seed layers were deposited
onto the glass substrates using radio frequency magnetron sputter
deposition technique. During growth, the working pressure of the
chamber was about 5%10? torr, the RF power was 100 W, and the
gas mixing ratio Ar/O,=10/1, and then the TiO, seed layer was
annealed at 400 °C for 2 hours. The 100-nm-thick Ag electrodes

were deposited onto the TiO; film by electron beam evaporation to
serve as Schottky contacts. The active area of the whole device
was 2x2 mm”. Then we employed the photoresists in protecting
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the electrode patterns by lithography technique. The hydrothermal
precursor solution was prepared by mixing 0.05 M titanium
trichloride (TiCl;) aqueous solution saturated with sodium chloride.
After the precursor solution was stirred for 5 min, it was transferred
into a sealed kettle and then coming substrate was immersed into
the precursor solution. The hydrothermal growth of TNAs was
carried out at 1005 °C for 7 h. The fabricated PDs were removed
from the solution, rinsed with distilled water, and dried in air.
Finally, we removed the photoresists from the electrode surface of
devices.

The structure of TiO, nanorod arrays PDs is shown in Figure
1. Besides, the traditional TiO,with 150-nm-thick TiO, film were
fabricated for comparison, where no TNAs can be found.
Photocurrent and dark current of the fabricated MSM devices were
performed by a semiconductor parameter analyzer (Agilent HP
4156C). The spectral response of MSM UV PDs was measured by
a light source which employed a 300 W Xe lamp and a
monochromator covering the range of 300~700 nm.

TiO, nanorod arrays

Ag (100 nm) Ag (100 nm)

Fig. 1. Schematic for the fabricated UV MSM PDs with TNAs.

3. Results and Discussion

Figure 2(a) shows XRD pattemns of the as-grown TiO,
nanorod arrays prepared by hydrothermal treatment at 100 °C for 7
h. It can be seen that the diffraction peaks of TiO, appear and can
be indexed as the rutile phase and anatase phase of TiO,. Previous
studies "™ have reported that the prepared TiO, rods via
hydrothermal approach in strongly acidic solution are mostly pure
rutile phase. According to periodic bond chain (PBC) theory [,
periodic bond chain constructs the crystal. The direction of the
strongest chemical bond is usually preferred oriented direction of
the crystal. Therefore, the growth of rutile TiO, crystal along the [0
0 1] direction is faster than that of the [1 1 0] direction. Figure 2(b)
shows that the average optical absorption of the entire TNAs PDs
structure in the visible range of 400~700 nm of the spectrum is
lower then 1. The results showed that the top of TNAs was pin-like
after deposition for 7 h, as shown in Figure 3(a). The [1 1 1] planes
observed at the top of the rods were a minor surface in the
equilibrium shape of a rutile TiO, crystal using the Wulff
construction and the calculated surface energies. According to the
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atomistic simulation reported by Oliver er al. "), Figure 3(b)
shows the rutile TiO, four surfaces of [0 1 1], [1 1 0], [1 0 0], and
[2 2 1] had surface energies of 1.85, 1.78, 2.08, and 2.02 Jm?,
respectively. In past time, the surface identified as the [2 2 1] plane
had been thought to be the lower index [1 1 1] plane. The [1 1 1]or
|2 2 1] plane affects a very small surface arca in the equilibrium
shape, but this plane has been considerably difficult by
experimental observation. In contrast to the simulation by Oliver et
al., our results have shown the presence of the [1 1 1] facet with the
large surface arca, giving the pin-like morphology. It was also
found that a small part of anatase phase was detected by XRD,
which might be due to the TiO, seed layer on the glass substrate.
The length and diameter of as-deposited TiO, nanorods are about
700 and 25 nm, respectively. The barrier effect of intercrystalline
TiO, is greatly decreased by using long nanorods instead of a TiO,
thin film composed of accumulated nanoscale particles, because
they naturally provide a directed path for electrical transport.

@) [+~ TiO, seed layer and nanorods

R(101)

Intensity (a.u)

20 30 40 50 60

—
=

(b)

o

Abs.

400 500 600 700
Wavelength (nm)

Fig. 2. (@XRD spectum of the as-grown TNAs prepared by hydro-
thermal treatment at 100 °C for 7 h. (b) Absorption as a function of

wavelength for the transparent TNAs photosensors.
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(100

(100)

(b)
Fig 3. (a) The surface morphology and side view SEM images of TiO,
nanorod arrays grown on coming glass substrate. (b) The equilibrium state
of the crystaline TiO, with a rutile phase according to the Wulff
construction.

Figure 4 shows current-voltage (/-)) characteristics of the
fabricated TiO, film and TNA PDs with the Ag electrodes
measured in dark and 360 nm illumination. With 5 V applied bias,
the photocurrent to dark current contrast ratios of the TiO, and
TNA PDs were 12 and 5x10° respectively. Photocurrent of the
TiO, film and TNA PDs based at 5 V were 4x10™" and 6x10* A,
respectively. The TNAs were more suitable to increase optical
absorption that is because the nanorod arrays having higher surface
area than film. However, the dark current of the TNA PDs is very
large. This may be due to the high background carrier
concentration. It is well known that oxygen vacancies exist in
n-type semiconducting titania acting as donors, besides the TNAs
have many defects of oxygen vacancies that can provide higher
carrier concentration and more active sites.

10

3 rDark Current—e—TiO, film PDs
10° —w—TiO, NR PDs
s [ Photocurrent —o—TiO, film PDs
—=—TiO, NR PDs

Current (A)

Voltage (V)

Fig 4. I-V characteristics of the TNA PDs measured in dark and under 360

nm illumination.

Figure 5 shows the spectral responsivities of the fabricated
traditional TiO, film and TiO, nanorod PDs. The responsivity of a

detector (R) is defined as
1

=P
B

Rz = 2 4y )
124

where /,, P, 1 and 4 are the photocurrent, the quantum efficiency
and the incident light wavelength, respectively. Assume all the
photons are absorbed by semiconductor (7 = 1) and 360 nm to the
expression. It was found that the maximum responsivities were
4x10° and 0.1 A/W, respectively. The TNA PDs show much
higher photoresponse than the traditional TiO, PDs (0.1 A/W,
4x10° A/W) can be attributed to the large surface- to-volume ratios
of TNAs provide a directed path for electrical transport reduce the
electron-hole recombination rates and increase absorption. In
addition, the spectral presented a passband response between 360
nm and 450 nm. Such a special responsivity is typical for the
nitride-based UV PDs, hence we define the UV-to-visible rejection
ratio as the responsivity measured at 360 nm divided by the one
measured at 450 nm (R360/R450). With such a definition, it was
found that UV-to-visible rejection ratios at 5 V applied bias of the
PDs were 3.25 and 6.25, respectively.

Wavelength (nm)
~o=TiO, NR PDs

360 380 400 420 440 460 480 500
Wavelength (nm)

Fig. 5. Measured spectral responsivities of the fabricated traditional TiO,
filmand TNA PDs at 5 V applied bias.
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4. Conclusions

In summary, we investigated the characteristics of UV PDs
with TiO, nanorod arrays (TNAs) selectively grown at low
temperature of 100 °C, which show higher photoresponse
compared to the thin film TiO, PDs. Asa result, it can be attributed
to the high surface-to-volume ratios of TNAs easily providing a
directed path for electron transportation. With an incident
wavelength of 360 nm and 5V applied bias, we found that
maximum photoresponsivity of the TNA PDs and traditional TiO,
PDs were 0.1 and 4x10° A/W, respectively.
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