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Abstract: In this study, the effect of duration on the growth of rutile TiO2 nanostructures (Ns) deposited onto the p-Si (111) 
substrate on the structural, morphological, and optical properties of rutile TiO2 Ns has been investigated. All Si substrates were 
seeded with a TiO2 seed layer synthesized using a radio-frequency (RF) reactive magnetron sputtering system. Chemical bath 
deposition method (CBD) was employed to grow rutile TiO2 Ns on seeded Si substrates at duration time of growth (1, 2, 3, and 
4 h). X-ray diffraction, Raman spectroscopy, and field-emission scanning electron microscopy (FESEM) analyses 
demonstrated the tetragonal rutile structure of the synthesized TiO2 Ns with the highest (110) peak intensity. Optical properties 
were investigated by using photoluminescence (PL) spectroscopy of the grown rutile Ns, with the spectra exhibiting the 
sharpest (smallest FWHMs) and highest peak revealed the high quality of TiO2 Ns with few defects was found for the sample 
prepared for 3 h, which reflects the crystalline quality. These results show that the optimized growth conditions yield very high 
quality TiO2 Ns on p-type (111)-oriented silicon substrates. A fast-response p-n heterojunction photodiode was fabricated by 
depositing Al contacts on the front of the optimal sample via RF reactive magnetron sputtering. Upon illumination of a pulsed 
UV light (325 nm, 1.6 mW/cm2) at 5 V bias voltage, the device showed 3.8 × 102 sensitivity, the photoresponse peak was 460 
mA/W, the response and recovery times were 50.8 and 57.8 ms, respectively. 
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1. Introduction 

Titanium dioxide (TiO2) is an important semiconductor 
material with a wide band gap (3.02 eV for rutile and 3.20 eV 
for anatase) and it is an n-type semiconductor [1]. TiO2 exists 
in three crystal structures, namely, anatase, rutile, and 
brookite. The rutile phase exhibits high hardness, Young’s 
modulus, refractive index, dielectric constant, transparency in 
the visible region, ultraviolet (UV) absorption rate, and 
chemical stability, as well as excellent mechanical strength 
[2, 3]. These properties increase the demand for the rutile 
form of TiO2 as a research material for various applications, 
including sensing [4], photocatalysis [5, 6], solar cells [7], 
light-emitting diodes [8], and UV detectors (UV-PDc) [9]. 

Currently, one-dimensional TiO2 nanostructures (Ns) can be 
grown by thermal evaporation [10], hydrothermal synthesis 
[11], template synthesis [12], sol–gel method [13], chemical 
vapor deposition [14], electrochemical deposition [15], and 
chemical bath deposition (CBD) [16]. Among these methods, 
CBD is a promising and flexible approach because of its 
simple and low-cost process for synthesizing TiO2 Ns with 
controllable morphology [17]. The effect of duration time on 
the size and structure of crystalline TiO2 has been 
investigated by many researchers [18]. Zhao et al. [19] 
studied the influence of growth time and annealing on rutile 
TiO2 single-crystal nanorod arrays on FTO substrate via 
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hydrothermal method. They concluded that increasing the 
growth time hardly induced an obvious change in NR length 
because the precursor was progressively depleted with 
increasing reaction time. Regonini and Clemens. [20] 
investigated the influence of anodizing time on the length, 
morphology, and photoelectrochemical properties of TiO2 
nanotubes (NTs). They found that the optimum anodizing 
time was 20 min at 30 V and produced 1.1 µm long NTs 
films. A photocurrent density of 460 mA. cm-2 was 
generated. Altomare et al. [21] reported the effect of the 
anodization time on the structural features and photoactivity 
of TiO2 NTs arrays prepared via electrochemical anodization. 
They concluded that the anodization time length has a key 
function in the preparation of well-aligned NTs arrays to be 
employed as photoactive materials in a variety of 
applications. Bandgar et al [22]. developed a simple, fast, and 
cost-effective method for the controllable synthesis of 
nanocrystalline TiO2 at mild chemical reaction conditions 
without using an expensive experimental technique, which 
presented significant advantages. They studied the effect of 
reflux time on the fabrication of nanocrystalline TiO2 

prepared via a wet chemical synthesis route by using 
peroxotitanate complex solutions. They observed that 
increasing the reflux time resulted in variations in the 
crystalline size of TiO2 in a systematic manner, and the reflux 
time has a substantial influence on the formation of nano 
TiO2 with changing refractive indices and band gap energies. 
Cheng et al. [23] investigated the influences of various 
hydrothermal conditions such as pH, concentration of TiCl4 
solution, growth time, and temperature on the formation, 
phase, morphology, and grain size. They observed that the 
high acidity and concentration of TiCl4 solution were 
beneficial in the formation of the rutile phase. The 
temperature had a strong effect on the grain size of the 
products and the agglomeration among grains. Lowering the 
temperature resulted in a decrease in grain size and an 
increase in agglomeration among grains. Furthermore, 
increasing the reaction time improved grain growth. The 
results showed that the average grain size of the products 
increased with increasing reaction time. The photoelectric, 
optical, and morphological properties of TiO2 Ns have 
generated considerable attention from researchers because of 
their large specific surface area, distinctive UV absorption, 
and well-defined charge carriers transport path. Therefore, 
TiO2 Ns are extremely appropriate for UV-PDc against the 
background of infrared and/or visible light [24]. Aksoy et al. 
[25] formed an n-TiO2 Ns/p-Si heterojunction diode based on 
TiO2 Ns deposited on p-Si substrates via the sol–gel method 
by using the spin coating technique at deposition 
temperatures from 700°C to 1100°C. They noted that the 
crystallization of the anatase phase, which eventually 
transformed to rutile phase, occurred at 800°C. Furthermore, 
the Schottky barrier height (SBH) and ideality factor (n) of n-
TiO2 Ns/p-Si heterojunction diode were 0.58 eV and 5.39, 
respectively. Therefore, these results exhibited that this 
device can be considered as a candidate for semiconductor 
device applications. Chang et al. [26] studied the 

heterojunction effects on the UV photoresponse of TiO2 NTs 
fabricated using anodic aluminum oxide as a template and 
via atomic layer deposition nanotechnology on a Si substrate 
with ITO as the electrode. The study revealed that the 
photocurrent (IPh) produced by the ITO-TiO2heterojunction 
(Schottky contact) was equal to the IPh produced by the TiO2-
Si heterojunction (p-n junction) at bias voltages from 0 V to -
1 V. These results indicated the presence of a depletion 
region in the ITO-TiO2 and Si-TiO2heterojunctions. In other 
words, the diode transitioned from TiO2-Si heterojunction-
controlled to ITO-TiO2heterojunction-controlled when the 
applied biases were changed from approximately 0 V to -1 V 
on the ITO electrode because the IPh produced from the ITO -
TiO2 heterojunction was improved at an increased reverse 
bias, whereas the current produced from the TiO2-Si 
heterojunction decreased at an increased forward bias. The 
two IPh reached equal values at the transition point, thereby 
cancelling each other out. Zhang et al. [27] synthesized TiO2 
NWs arrays on FTO via hydrothermal method, which was 
modified with the deposition of ZnO via the crystallization 
method. They fabricated UV-PDc based on TiO2/ZnO 
heterojunction, which possessed high photoelectric 
performance. The ratio of IPh to dark current (Id) was four 
orders of magnitude higher and the device had a high 
responsivity.In this work, to investigate the effect of duration 
on the growth of rutile TiO2 Ns deposited onto the seeded p-
Si (111) substrate, four duration times have been studied (1, 
2, 3, and 4 h). The optimum deposition time was also 
determined. The optimal structural properties were selected 
to fabricate UV photodiode (UV-PDi), and its photoelectric 
characteristics were studied. 

2. Experimental Details 

2.1. TiO2 Seed Layer Preparation on Different Substrates 

The seed layers of TiO2 were prepared with radio 
frequency (RF) reactive magnetron sputtering on p-type 
silicon (Si) (111) substrates for 80 min, with a thickness of 
approximately 100 nm ± 5 nm. The target of TiO2 is a disk 
with high purity (99.99%, 3 in diameter). To clean the TiO2 

disk surface, the target was presputtered for 5 min before 
deposition. Prior to deposition, the Si substrates were cleaned 
with a wet chemical etching with Radio Corporation of 
America (RCA) method described in our previous work [28]. 
After the chamber was evacuated below 2 × 10−5 mbar with 
an RF power of 150 W, the high-purity argon (99.99%) was 
used as sputtering gas at a fixed ratio of 17%. The seed layer 
deposition was then performed under a total pressure of 3 × 
10−3 mbar. The substrates were deposited onto a heated 
substrate at 350°C at an average deposition rate of 0.2 Å/s. 
Then, these seeded substrates were annealed at 550°C for 1 h 
in air to improve crystallinity. 

2.2. TiO2 Nanostructure Growth 

The seed layer of TiO2-coated Sisubstrates was cleaned in 
an ultrasonic bath with acetone solution, rinsed with distilled 
water, and dried with nitrogen gas. CBD was used to 
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synthesize TiO2Ns by heating an acidic solution of TiCl3, 
which contained an immersed seed layer of TiO2-coated 
substrates. The growth conditions of TiO2 Ns followed our 
previous procedure [28-32]. In brief, approximately 4 ml of 
TiCl3 liquid (15 wt% in HCl; Merck SdnBhd, Malaysia) was 
mixed with 50 ml distilled water. Urea (NH2CONH2; 0.1 M) 
was added to adjust pH media to approximately 0.7. After 
stirring for 1 h at room temperature (27°C), a homogeneous 
violet solution was obtained. The seeded Si substrates were 
then vertically inserted in the bath, which were then heated at 
55°C. During the precipitation that initiated in the bath, a 
heterogeneous reaction occurred, and TiO2 was deposited 
onto the substrates. When the growth time reached a set 
value, the substrates coated with TiO2 Ns were removed from 
the solution bath, rinsed with distilled water, and then dried 
with nitrogen gas.Then, these prepared samples were 
annealed at 550°C for 2 h in air to improve crystallinity and 
to decompose Ti(OH)4 into TiO2 [33]. Furthermore, anatase, 
rutile, or mixtures of both phases might appear in the 
prepared samples. Therefore, an optimum annealing 
temperature (>500°C) is required additionally to convert 
anatase phase into rutile phase [34]. The surface morphology 
and structure of the prepared TiO2Ns were characterized and 
analyzed with FESEM (Leo Supra 50VP, Carl Zeiss, 
Germany) equipped with an energy-dispersive X-ray (EDX) 
system and XRD (PANalyticalX’Pert PRO MRD PW3040) 
with CuKα radiation (λ = 1.541 Å). The optical properties 
were measured at room temperature with a 
photoluminescence (PL) spectroscopy system (JobinYvon 
HR 800 UV, Edison, NJ, USA) with an He–Cd laser (325 
nm, 20 mW) and a Raman spectrometer (Horiba JobinYuon 
HR 800UV, Edi-son, NJ, USA) with Ar+ as the excitation 
source operated at a wavelength of 514.55 nm (20 mW). The 
monochromator was connected to the computer supplied with 
V4.01 of Cornerstone Utility Programming to select the 
desirable wavelength (UV light) from a 200W Hg (Xe) 
ozone-free lamp as a light source. Newport power meter 
(Model 2936-C USA) was used to calibrate the output power. 
A bias voltage was applied to the sample using DC power 
supply (GW InsTEK, model GPS 3030). The photocurrent 
was calculated by Autorangeing Microvolt DMM (Keithley, 
model 197A) at different wavelengths. 

3. Results and discussion 

3.1. Morphological and Structural Characterization of TiO2 

Ns 

3.1.1. Surface Morphology 

Fig. 1 shows the FESEM images of the TiO2 Ns 
synthesized on p-type (111)-oriented silicon substrates with a 
TiO2 buffer layer using CBD at different durations of growth. 
From Fig. 1 (a), for the sample prepared for 1 h, small and 
few well-defined flowers were found, with each flower 
consisting of bundles of short nanorods (NRs) with sharp tips 
and connected to each other such that estimating the diameter 
and average length of the NRs was difficult. The structure 
appeared slightly agglomerated, and voids were observed in 
almost the entire surface of sample. When the reaction was 

prolonged up to 2 h [Fig. 1(b)], structures, similar to those 
previously obtained, showed the increasing size of 
nanoflowers to be approximately 250 nm, which is more than 
twice the size of previous structures. Moreover, the voids 
decreased in this sample. As the growth time was prolonged 
to 3 h, uniform and high-density growth mix of NRs and 
nanoflowers emerged, with each petal of the nanoflowers 
assembled by several conical rods [Fig. 1(c)]. These NRs 
were 20–30 nm in diameter and 80–110 nm in length. At 4 h 
of growth time, the TiO2 structure showed flower-like 
structures with random growth surface and some cracks, and 
the bundles of small NRs grew vertically and horizontally to 
the substrate [Fig. 1 (d)]. Compared with the images in Fig. 
1, the TiO2 density in Fig. 1(c) was much higher, and this 
structure provided the film with a large surface area, which 
indicated that the sample prepared for 3 h had more 
nucleation sites. Thus, different superstructures of rutile TiO2 
NRs can be obtained by controlling the duration of growth. 
Furthermore, the EDX spectra of all samples indicated the 
presence of Ti and O atoms in the thin layers, thereby 
confirming the formation of TiO2 Ns. Figure 2 also 
demonstrates that the ratio of Ti-to-O was dependent on the 
duration of growth. The Ti-to-O ratios of the samples 
prepared at different growth durations are listed in Table 1. 
These ratios showed good stoichiometry compared with the 
other three samples grown for 3 h. Furthermore, the EDX 
revealed that this sample contained 50.06 wt% Ti and 49.94 
wt% O, whereas the signal of Si came from the Si substrate. 

 

Fig. 1. FESEM images of rutile TiO2 Ns grown on p-type (111)-oriented 

silicon substrates at. 

Table 1. The EDX spectra results of TiO2 Ns grown on silicon (111) substrate 

atdifferent duration time of growth. 

Growth 

time (h) 

Ti O2 

weight % Atom % weight % Atom % 

1 30.88 12.98 69.12 87.02 

2 51.26 26 48.74 74 

3 50.06 25.08 49.94 74.92 

4 49.5 23.93 51.5 76.07 



26 Abbas M. Selman:  Studies on the Influence of Growth Time on the Rutile TiO2 Nanostructures Prepared on Si  
Substrates with Fabricated High-Sensitivity and Fast-Response p-n Heterojunction Photodiode 

 

Fig. 2. EDX spectra of TiO2 Ns grown on silicon (111) substrate at different 

duration time of growth. 

 

Fig. 3. AFM images (3D) of the rutile TiO2 Ns grown on silicon (111) 

substrate at different duration time of growth. 

Figure 3 shows the 3D AFM images (5 µm×5 µm) of the 
surface morphology of prepared TiO2 Ns at different 
durations of growth (1, 2, 3, and 4 h). The high roughness of 
the film surfaces was evident. The Rrms values for the 
samples grown for 1, 2, 3, and 4 h were 0.0503, 0.078, 0.018, 
and 0.128 nm, respectively. The surface roughness increased 
with increasing deposition time. Hence, the denser films with 
uniform distribution of grains with high surface roughness 
were observed in the samples grown for 3 h. This increase in 
roughness is due to an increase in the grain size [35]. The 
grain size has been evaluated using Scherrer formula [36]. 
The estimated grain sizes are about 8.55, 10.42, 10.5, and 
8.33 nm for samples grown for 1, 2, 3, and 4 h 

respectively.The sample grown at 4 h exhibited a higher 
surface roughness (0.128 µm) compared with the others 
because of the possible etching from the HCl solution in the 
bath after prolonged growth. Thus, the chemical etching 
action from the HCl solution may be a direct and dominant 
reason for the detachment of rutile Ns [19]. Therefore, the 
duration of growth is suitable for controlling the surface 
morphology as well as for increasing the surface roughness 
and density of the material distribution on the surface. 

3.1.2. Crystalline Structure 

Films crystallinity were analyzed using X-ray 
diffraction. The XRD patterns of the TiO2 Ns synthesized 
on seeded Si substrates at different durations of growth are 
shown in Fig. 4. All prepared samples fully fit well with 
the rutile TiO2 phase (JCPDS card No.01-078-1508). 
Moreover, all samples exhibited sharper and stronger 
diffraction intensity peaks related to the (110) plane 
compared with those of (101), (211), and (301), indicating 
that their x-axis and y-axis orientations are parallel to the 
substrates. These distinct peaks were noted in the XRD 
patterns at 27.47°, 27.51°, 27.46°, and 27.47° for the rutile 
TiO2 NRs grown for 1, 2, 3, and 4 h, respectively. All 
these peaks matched very well with the standard position 
(27.44°) of bulk rutile TiO2 of the (110) plane ascribed to 
rutile. These results are in agreement with the previous 
study for rutile structure [37-40]. Compared with the other 
three samples, the diffraction peaks became sharper and 
narrower for the sample prepared for 3h, thereby indicating 
the enhancement of crystallinity and growth of nanocrystals 
[41]. 

 

Fig. 4. XRD patterns of TiO2 Ns grown at different duration time of growth. 

3.2. Optical Properties 

3.2.1. PL Spectra 

Figure 5 shows the PL spectra of rutile TiO2 Ns grown 
at different durations. For all prepared samples, the PL 
excitation spectra had a band around 421, 428, 417, and 
405 nm corresponding to 2.95, 2.9, 2.97 and 3.06 eV for 
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the sample grown at 1, 2, 3, and 4 h, respectively, which 
agrees well with the value of the band gap energy of TiO2 
(~3.0 eV) for rutile [42, 43]. Therefore, this band indicates 
the photoabsorption near the edge of the conduction band. 
Although, the exact band positions of the PL excitation 
spectra slightly differed from each another, no significant 
change in the band gap was observed with increasing 
growth time. Clearly, the sharpest (smallest FWHMs) and 
highest peak was found for the sample prepared for 3 h, 
which reflects the crystalline quality; a smaller FWHM 
indicates a better crystal quality [44]. Therefore, this 
sample is the best one, which is consistent with the XRD 
results. The peaks at 527 nm (2.35 eV) were found for the 
samples prepared for 1 and 2 h, and the peaks at 527 (2.35 
eV) and 703 nm (1.76 eV) for the sample prepared at 4h. 
These emissions were the radiative recombination of the 
self-trapped excitons and the radiative transitions inside 
the sub-states initiated from the TiO2 surface [45]. This 
result agreed well with several studies that correlated the 
origin of these emissions band to the same reason stated 
above [46, 47]. The broad peaks that centered at 
approximately 820 (1.5 eV), 855 (1.45 eV), and 850 (1.46 
eV) nm for the rutile grown for 1, 2 and 3 h, respectively, 
may be related to the intrinsic defects and interstitial 
oxygen, which occurred because of excessive oxygen in 
the synthesized rutile [48]. From these observations, the 
rutile TiO2 Ns grown for 3 h possessed optimal optical 
properties. 

 

Fig. 5. Photoluminescence spectra at room temperature of the rutile TiO2 Ns 

grown at different duration time of growth. 

3.2.2. Raman Spectrum 

Figure 6 shows the Raman spectra of the prepared TiO2 Ns 
at different durations (1, 2, 3, and 4 h). The observed band 
positions and vibrational modes correspond to the rutile 
phase for all samples and agree with the reported values of 
the typical Raman bands of the rutile phase [49, 50]. The 
Raman spectra demonstrated the formation of rutile phase for 
all Ns films formed on the seeded Si substrates because the 
higher acidity of the solution facilitated the formation of 
rutile phase [50] and the annealing treatment for the seed and 
samples prepared (550°C) was also required to convert 

anatase phase into rutile phase [34]. No significant change in 
the position of these peaks was observed. During the first 
hour of growth, very few nanoflowers were formed on the 
substrate [Fig. 1(a)]. Moreover, increased amount and size of 
the nanoflowers were found on the substrate grown for 2 h 
[Fig. 1(b)]. Therefore, the intensities of the Raman bands at 
230, 441, and 614 cm−1, as well as those at 239, 441, and 614 
cm−1, appeared very weak. When the reaction was prolonged 
to 3 h, the intensities of the Raman bands at 237, 447, and 
612 cm−1 dramatically increased. This result indicated that 
the thickness and density of the TiO2nanoflowers films 
increased because of the increase in the duration of growth 
[50] as shown in Fig. 1 (c). By contrast, when the duration 
time was increased to 4 h, the density of the rutile 
nanoflowers grown on the substrate decreased, and the large 
cracks separated the film into several unattached areas [Fig. 
1(d)], because the precursor in the solution was depleted 
gradually with increased reaction time [51]. Therefore, the 
intensities of the Raman bands at 236, 447, and 612 cm−1 
slightly decreased. In addition, the strong band at 520 cm−1 
and a weak broad band placed between 945 cm−1 and 985 
cm−1 originated from the Si substrate, which is in agreement 
with previous findings for Si substrate [36]. These findings 
are also in agreement with the XRD results. Based on these 
XRD, FESEM, and Raman results, we assumed that the rutile 
TiO2 Ns formed on the seeded Si substrates grown for 3 h 
promoted the nucleation and epitaxial growth of rutile Ns, 
and this condition is the optimal for the growth of high-
quality rutile Ns. 

 

Fig. 6. Raman spectra of rutile TiO2 Ns grown on silicon (111) substrate at 

duration time of growth. 

3.3. Device Fabrication 

The growth of rutile TiO2 films on Si substrates with 
different deposition method attracted significant amount of 
attention because Si substrate is widely used in 
semiconductor industry [67, 68]. In addition to the preceding 
observations for optical and structural analyses, we conclude 
that the optimal sample of rutile NRs was the sample grown 
at 3h. The fabrication of the UV-PDi device based on the 
optimal samplewas conducted by depositing Al finger 
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contact (approximately 100 nm thickness) on top of TiO2 
NRs by using a metal mask. The schematic of the device 
structure is shown in Fig. 7. Indium metallization 
(approximately 200 nm thickness) was deposited onto the 
back side of the p-Si. Both electrodes (back and front 
contacts) were deposited using RF reactive magnetron 
sputtering, where the chamber was evacuated below 3 × 10-5 
mbar with an RF power of 50 and 120 W for In and Al, 
respectively. High-purity Ar was used as a sputtering gas at a 
fixed ratio of 17%. Deposition was then performed under a 
total pressure of 3 × 10-3 mbar. The contacts were deposited 
at room temperature, then; the thermal annealing processes 
were conducted for the metallic contact at 300°C for 20 min 
with N2 gas to produce homogenous ohmic contacts. N2 gas 
was used inside the tube furnace during annealing of metal 
contacts to avoid oxidation, where the ambient room and tube 
furnace contains O2 molecules. The active area of the 
Pt/TiO2NRs/P-Si (111)/In heterojunction photodiode (PDi) 
was about 0.39 cm2. 

 

Fig. 7. Current-voltage characteristics of the TiO2NRs/p-Si (111) 

heterojunction UVphotodiode under dark and UV illumination (325 nm, 1. 6 

mW/cm2). 

3.4. Current–Voltage Characteristics 

Dark and photocurrent measurements are performed for 
the fabricated Al/TiO2NRs/p-Si (111)/In heterojunction PDi, 
which is illustrated in Fig. 8, were studied by measuring the 
current–voltage (I–V) relationships with rectifying ratio 
(If/Ir) of 254 and 95 at –5 V and 5 V bias voltages. The study 
was performed in the dark and under UV light illumination 
(325 nm, the incident optical power was 1.6 m W/cm2 at a 
distance of 3 cm from the UV lamp). Under UV illumination, 
an applied bias voltage of 5 V at the rutile TiO2 NRs-Si 
junction produced an electric field in the depletion region. 
This region contained a high number of electrons that moved 
toward TiO2 and a high number of holes that migrated toward 
the Si substrate; high photocurrent then formed and rapidly 
moved into the external circuit through the electrodes, as 
shown in Fig. 8 [52]. The device placed in the dark produced 
current, which was six times smaller than the current 
obtained under UV illumination. This finding indicated that 
the PD of TiO2NRs/P-Si (111) exhibited excellent light 
response. The current was kept nearly constant at a small bias 
(Vbias< 0.5 V). These results indicated that the charge 
carriers produced during UV illumination at high bias voltage 
(Vbias> 0.5 V) determined the current produced and caused 
increased current. However, the current was not sensitive to 
UV illumination when a small bias was applied because the 

current of the device was restricted by the depletion region 
between n-TiO2 and p-Si. Therefore, the TiO2 NRs absorbed 
UV light and generated electron–hole pairs in the depletion 
region. The presence of an electric field in the depletion 
region caused by an applied bias voltage (Vbias> 0.5 V) 
resulted in the separation of charge carriers, where the holes 
moved to the p-side and the electrons moved to the n-side. 
Thus, a photocurrent was generated at the external contact 
[53]. 

 

Fig. 8. The schematic diagram of the device. 

The large difference between Iph and Id was attributed to the 
short transit time of charge carriers with long lifetime. The 
presence of O caused hole trap states at the TiO2 NRs surface, 
which prevented the generation charge carrier pair (e– –h+) 
recombination and extended the lifetime of holes [54]. The PDi 
sensitivity (S) was calculated using Eq. (1) [55]: 

( )
(%) 100Ph d

d

I I
S

I

−= ×                           (1) 

The S value was 3.8 × 102 at 325 nm, and the light 
intensity was 1.6 m W/cm2. Meanwhile, the applied bias 
voltage was 5 V. In general, responsivity (R) is a critical 
parameter that determines the sensitivity of a P Di device. R 
is defined as the device photocurrent (IPh) generated per unit 
power of incident light (Pinc) on the effective area of the 
device (A) and can be expressed using Eq. (2) [54, 56-60]: 

2 2

( ) ( )

( ) ( / ) ( )
Ph Ph

inc

I A I A
R

P W E W Cm A Cm
= =             (2) 

Where E is the irradiance of UV light, which is measured 
by a standard UV power meter (Newport Power meter, 
Model 2936-C USA). The responsivity spectra of the 
fabricated P Di were measured under front illumination 
within the range of 300 nm to 500 nm at 5 V-bias voltage (as 
shown in Fig. 9). Figure 9 demonstrates that photocurrent 
increased at wavelengths up to 310 nm, and then sharply 
decreased at wavelengths up to 350 nm. When the 
wavelength decreases, absorption coefficient increases the 
penetration depth and the UV light will be short. This process 
increases the concentration of the charge carrier pair near the 
TiO2 NRs surface. Consequently, the lifetime of 
photogenerated carriers declined and responsivity decreased. 
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Under irradiation of 325 nm UV light, the peak 
photoresponse was 460 mA/W, which was more than 30 
times higher than those reported for TiO2-based Schottky-
type UV light detector at around 330 nm [60]. This high R 
value was attributed to the TiO2 NRs that provided high 
density with large and rough surface areas and the good p–n 
junction that formed in the TiO2NRs/p-Si (111) [61]. 
Repeatability of the P Diwas studied by investigating the 
optical response using dynamic response time measurement 
by illuminating the P Di to a pulsed UV light (325 nm, 1.6 m 
W/cm2) at 5 V-bias voltage. Figure 10 shows the 
corresponding increase in photocurrent as a function of time 
when the UV light was repeatedly switched on and off 17 
times (partially shown in Fig. 10). The results showed 
acceptable difference with time. The curves in Fig. 10 reveal 
rectangular-shaped profiles, and the magnitudes of 
photocurrent in every on/off cycle are steady and repeatable. 
The response time (i.e., the time in which current increased 
from 10% to 90% of its saturation value) and recovery time 
(i.e., the time in which current decreased from 90% and back 
to 10% of its saturation value) for P Di were measured at 
various bias voltages, as shown in Fig. 10. The response time 
and recovery time of the NRs in this study were clearly by far 
the shortest time achieved in various TiO2 UV detectors 
reported in the literature [62-64]. The extremely fast PDi 
photoresponse in the current study was related to the high 
quality and large photoactive surface areas of the TiO2 NRs 
grown on p-type Si substrate. The fast response indicated that 
the vertical TiO2 NR PDi was useful in high-speed operation. 
Moreover, the high value of photocurrent and responsivity 
were ascribed to several carriers that were collected under 
illumination in the TiO2 NRs films. This finding was in 
agreement with results of a previous study, which showed 
exceptional photoactivity of nanostructures. This result 
explained the sensitivity and stable performance of the NRs 
during UV light detection [65]. The findings revealed that 
Al/TiO2NRs/p-Si (111)/In heterojunction PD exhibited 
potential application as a UV detector. 

 

Fig. 9. Theresponsivity spectra of the TiO2NRs/p-Si (111) heterojunction 

photodiode. 

 

Fig. 10. The repeatability property (ON/OFF) of the TiO2NRs/p-Si (111) 

heterojunction photodiode under pulsed UV light (325 nm, 1.6 m W/cm2). 

4. Conclusions 

The effects of durations of growth (1, 2, 3, and 4 h) on 
rutile TiO2 Ns grown on p-type (111)-oriented silicon 
substrates were investigated. The duration of growth was 
found to affect the structural, morphological, and optical 
properties of TiO2Ns. uniform and high-density growth mix 
of NRs and nanoflowers emerged, with each petal of the 
nanoflowers assembled by several conical rods. All prepared 
samples fully fit well with the rutile TiO2 phase (JCPDS card 
No.01-078-1508). XRD diffraction analysis indicated that 
TiO2 at 3 h had the optimal structural properties with the 
highest (110) peak intensity. In addition, Raman spectra 
depicted the rutile crystal phase of TiO2, and the sharpest 
(smallest FWHMs) and highest peak revealed the high 
quality of TiO2Ns with few defects. The PDi fabricated based 
on rutile TiO2/Si was evaluated in the UV region, which 
demonstrated excellent stability over time, high photocurrent, 
good sensitivity, and high responsivity. Furthermore, the 
device showed fast response and recovery time. All of these 
results demonstrated that high-quality PDi can be a promising 
candidate as a low-cost UV photodetector for commercially 
integrated photoelectronic applications. 
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