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Preparation of hexagonal 
nanoporous  Al2O3/TiO2/TiN 
as a novel photodetector with high 
efficiency
Asmaa M. Elsayed1,2, Mohamed Rabia1,3, Mohamed Shaban1,4, Arafa H. Aly2* & 
Ashour M. Ahmed1

The unique optical properties of metal nitrides enhance many photoelectrical applications. In this 
work, a novel photodetector based on  TiO2/TiN nanotubes was deposited on a porous aluminum 
oxide template (PAOT) for light power intensity and wavelength detection. The PAOT was fabricated 
by the Ni-imprinting technique through a two-step anodization method. The  TiO2/TiN layers were 
deposited by using atomic layer deposition and magnetron sputtering, respectively. The PAOT and 
PAOT/TiO2/TiN were characterized by several techniques such as X-ray diffraction (XRD), scanning 
electron microscope (SEM), and energy dispersive X-ray (EDX). The PAOT has high-ordered hexagonal 
nanopores with dimensions ~ 320 nm pore diameter and ~ 61 nm interpore distance. The bandgap of 
PAOT/TiO2 decreased from 3.1 to 2.2 eV with enhancing absorption of visible light after deposition 
of TiN on the PAOT/TiO2. The PAOT/TiO2/TiN as photodetector has a responsivity (R) and detectivity 
(D) of 450  mAW-1 and 8.0 ×  1012 Jones, respectively. Moreover, the external quantum efficiency (EQE) 
was 9.64% at 62.5 mW.cm−2 and 400 nm. Hence, the fabricated photodetector (PD) has a very high 
photoelectrical response due to hot electrons from the TiN layer, which makes it very hopeful as a 
broadband photodetector.

Recently, optical detections have highly research interest in many �elds such as biological detection, industrial 
automation, environmental monitoring, and space  exploration1–3. Moreover, these semiconductor metal oxides 
or polymer have other applications in photocatalytic water splitting and solar cell  studies4–6. �e desirable photo-
detector devices in industrial applications must have high performance include the fast response, high sensitivity, 
easy operation, and  low4–6 power  consumption7. Many previous studies focused on the preparation of PD for 
light in the UV region depended on using photoactive materials that can work in these regions like GaN, ZnO, 
and  SiC8,9. �ese materials can accept new properties for light detection through increasing the active sites in 
nanowires or nanotubes  structures10,11.

�e plasmonic materials increase the e�ciency of the photodetectors due to the unique properties of the 
induction surface plasmonic resonance results from the oscillation of the higher electrons in the conduction 
 band12. Plasmonic resonance improve the electrical and optical material properties by enhancement the electric 
�eld of the incident light by several  magnitude13,14. �e most used plasmonic materials are noble metals such as 
Au, Ru, Rh, and Pt. Unfortunately, these metals are very  expensive15. At the same time, many researchers used 
active metals such as Co, Fe, Ni, and Cu as plasmonic materials. Li et al. used Cu nanomaterials to enhance the 
light capture and e�ciency for the light detection in the Cu/ZnO  photodetector16. Although these elements are 
cheap, they are active and they easy to form oxides.

On the other side, metal nitrides such as TiN and ZrN acting as photo plasmonic materials for light capture. 
Moreover, these metal nitrides used in designing devices with spectral windows and operating conditions more 
e�cient in hazardous environmental conditions than the noble  metals17. Surre et al. compared the e�ect of TiN 
and ZrN plasmonic nanomaterials with noble metals on sensor plasmon refractometer sensitivity  properties18. 
�e results show that the nitride metals have a high e�ciency compared with the noble metals. Mohamed et al. 
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used the TiN layer for enhancing the properties of TiON photoactive material for solar cell using the good TiN 
properties; hardness, nontoxicity, high thermal conductivity, high melting point, good photochemical stability, 
and high UV–Vis light  absorbance19.

Besides, TiN is characterized by a catalytic e�ect that enables it to be used in self-cleaning. Awad et al. used 
triple layers from  TiO2/TiN/TiO2 for self-cleaning20. �e optical properties of the prepared layers are enhanced 
with increasing TiN thickness which facilitates the degradation of organic dye. Moreover, the TiN was used in 
devices such as fuel cells, supercapacitors, and solar  cells21–23.

On the other side,  TiO2 nanomaterial with a high surface area has a special interest in photocatalytic 
 application24. Nanotubes accept a more active site from the internal or external tube with a large surface area 
per volume. Also,  TiO2 has additional good properties such as biocomPAOTibility, low-cost, easy preparation, 
and high  stability23. �ese properties qualify  TiO2 materials for applying in sensors, supercapacitor, photodeg-
radation, solar cell, and light  absorbance25. Kunwar et al. studied the GaN/TiO2/Au layers to increase the light 
detection region to reach the visible  region1. Another study based on  TiO2-graphene for enhancement of the 
UV photodetection was carried out, the incorporation of graphene to increase the light absorbance  region24.

On the other hand, PAOT has a highly ordered two-dimensional hexagonal porous structure with high 
surface area which improves the interaction with light. Also, PAOT has high stability (chemically, thermally, 
and mechanically), good optical properties, biocomPAOTible, abundant, and inexpensive. PAOT is an attrac-
tive material as template for fabricate of nanotubes, nanowires, and nonodotes  arrays26. �is because its unique 
nanometric properties which are highly required in potential broad applications including biosensors, catalysts, 
magnetic storages, solar cells, optoelectronics, photonic crystals, and drug delivery  systems27. PAOT structure is 
a typical self-ordered nanoporous material composed of hexagonally arranged cells with cylindrical pores in the 
centers that are aligned perpendicular to Al  surface28,29. �ese hexagonal PAOT shapes can be easily transferred 
to other materials by depositing the material into the pores of the PAOT using some techniques such as chemical 
vapor deposition, atomic layer deposition, or magnetron sputtering deposition. �e used technique can fabricate 
arrays of nanophotonic structures. �e dimensions of the nanophotonic structures can be controlled by changing 
the geometrical structure of the PAOT.

In this study, we have prepared a novel PAOT/TiO2/TiN PD with high stability and e�ciency. All the materials 
of the photodetector were prepared with high controlled technique. PAOT was prepped by the Ni-imprinting 
method, then  TiO2/TiN deposition occurred using atomic layer deposition and direct current sputtering tech-
niques, respectively. �e application of the PAOT/TiO2/TiN as a photodetector occurred by study the e�ect of 
light power intensity and wavelengths. �e photodetector parameters R, D, and EQE were determined. �e 
prepared photodetector can be applicable in the industrial �eld with high stability and low cost.

Experimental part
Aluminum oxide template synthesis. �e pores aluminum oxide template (PAOT) was prepared using 
the imprinting technique using Ni-mold through two step anodization  method23. Ni mold has a hexagonal nan-
opillar order with 400 nm space shallow array. An electropolishing process for the Al foil was completed using 
solution  C2H5OH and  HClO4 (1:1). �e imprinted Al foil (99.99%) was obtained by applying 10 kN/cm2 using 
an oil pressing system for 3 min. A�er that, the two-steps anodization process occurred at 160 V in ethylene 
glycol:H3PO4:H2O (100:200:1) electrolyte at 2 °C for 15 and 120 min, respectively. A�er the �rst anodization, the 
chemical etching process was carried out using  H3PO4 (6 wt%) and  H2CrO4 (1.5 wt%) mixture at 60 °C for 12 h. 
Finally, the pores widening process occurred through immersing the PAOT into  H3PO4 (6 wt%) solutions for 
complete synthesis of the  Al2O3 template with hexagonal pores.

Synthesis of  TiO2/TiN. TiO2/TiN nanotube composite was prepared inside the PAOT by using atomic 
layer deposition and magnetron sputtering physical devices, respectively.  TiO2 nanotube composite was pre-
pared inside the PAOT by using atomic layer deposition (ALD, Picosun SUNALE R150) at 300 °C.  TiCl4 and 
 H2O were used as sources for Ti and O, respectively.

TiN nanotube was fabricated inside the PAOT/TiO2 by using magnetron sputtering (DC sputtering, LA440S 
Ardenne). �e sputtering was carried out in a mixture of  N2 and Ar gases with a rate of 75 and 25 sccm, respec-
tively. High purity Ti metallic (99.9%) was used as a target at working pressure was 13 ×  10–3 mbar. �e PAOT/
TiO2 substrate was about 6 cm from the Ti-target at 250 °C.

Characterization. �e characterization of prepared ample was carried out by di�erent analytical tools, in 
which the material morphology was proved using SEM (SEMAuriga Zeiss FIB). Moreover, the SEM device has 
another unit tool for energy dispersive X-ray (EDX) analysis. �e chemical structure was con�rmed using an 
X-ray di�ractometer (Bruker/Siemens D5000, XRD). In addition to that, a double beam spectrophotometer 
device (Perkin Elmer, Lamba 950) used for the optical analyses.

Photodetector fabrication process. �e photodetector measurements of the prepared PAOT/TiO2/TiN 
sample were carried out using the Keithley device (model 2500, Tektronix Company) as seen in schematic Fig. 1. 
�e measurements investigated though − 1 to + 1 V under Xe lamp (Newport) as a light source. Two electrodes 
were connected over the sample using a silver paste, the �nal size was 1  cm2. �e e�ects of light power intensity 
and light wavelengths on the photodetector were studied. Also, the e�ect of sample stability under light was 
investigated. All measurements for the fabricated device carried out at room temperature and normal atmos-
phere.
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Results and discussion
SEM and XRD analyses. �e SEM of PAOT a�er pore widening using  H3PO4 solution is shown in Fig. 2a,b 
for 10 and 30 min, respectively. �e �gure shows a highly ordered hexagonal nanoporous  Al2O3 array. For pore-
widening 10 min, the PAOT pores are about 245 nm with an interpore distance of about 187 nm. While a�er 

Figure 1.  Scheme for testing the prepared materials as a photodetector.

Figure 2.  �e SEM of  Al2O3 template a�er pore widening for (a) 10 and (b) 30 min at 60 °C. (c) Bottom image 
(d) cross-section image of the  TiO2/TiN hollow tubes a�er removing PAOT. (e)  TiO2/TiN (bottom image).
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pore widening for 30 min, the PAOT pores increase to 305 nm with an interpore distance of about 61 nm as seen 
in Fig. 2b.

Moreover, Fig. 2c,d appears the bottom and cross-sectional views of  TiO2/TiN nanotubes a�er the PAOT 
removal using NaOH solution. �e  TiO2 nanotubes are appearing hollow nanotubes closed from one side and 
arrayed on a hexagonal arrangement as same for PAOT. �e  TiO2 nanotube has wall thickness of 20 nm and 
length of 2.3 µm as shown in Fig. 2d. �e TiN over the PAOT increases the active sites for light detections though 
large surface area. Moreover, the diameter of the  TiO2 increase from 330 to 355 nm a�er deposition of TiN as 
shown in Fig. 2e.

�e XRD of PAOT and  TiO2/TiN is mentioned in Fig. 3a. From this �gure, there are three sharp peaks for the 
 Al2O3 template are located at 44.5, 65, and 78.1° for the growth directions (113), (214), and (119), respectively 
(JCPDS card # 01-089-4921). �e sharp-peaks indicate the  Al2O3 template is crystalline and easy to fabricated 
using the Ni-imprinting  technique30.

�e XRD of  TiO2/TiN nanotubes has eight peaks for the growth of  TiO2 (anatase form), �ese peaks are 
located at angles 25.8, 38.1, 48.3, 54.3, 55.1, 62.8, 69.8, and 75.3O for the growth directions (101), (103), (200), 
(105), (211), (213), (118), and (215), respectively.

�e peaks observed for PAOT in Fig. 3a agree with previous  works31,32. �ese peaks indicate that the PAOT 
is polycrystalline structure. �e high intensity of (119) is indicating good crystallization for growth crystal in 
this orientation. Also, the porous alumina was well aligned perpendicular relatively to the surface of Al layer. 
�erefore, there was porous  Al2O3 layer formed on the Al substrate surface during anodizing process.

A�er deposition of thin TiN over  TiO2, no phase is created. �e thin thickness of the TiN layer (8 nm) can 
be produced out of phase di�raction for X-ray interface between TiO2/TiN layers. �is due to the  N2 atoms may 
occupy the locations of  O2 atoms in anatase  TiO2 crystal or they are located at the grain boundaries and form 
amorphous portions. Also, the scattering e�ect of X-ray radiations can be produced out of phase di�raction at the 
interface between  TiO2/TiN  layers33,34, hence don’t veri�ed the Bragg condition. Moreover, the higher reactivity 
of oxygen towards titanium lead to prefer the formation of Ti–O bonds compared than Ti-N bonds and hence 
helps the formation of  TiO2 phase which is thermodynamically stable  phase35.
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Figure 3.  (a) �e XRD pattern for PAOT and  TiO2/TiN, (b) EDX chart of PAOT, and (c) EDX spectra of  TiO2/
TiN.
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For con�rming the elements of the prepared materials, the EDX analyses are mentioned in Fig. 3. From this 
�gure, the elements Al and O are con�rmed for the  Al2O3 template (Fig. 3b). Moreover, the elements Ti, O, and N 
are con�rmed for the nanotube  TiO2/TiN (Fig. 3c). �e quantitative results of the PAOT were 62.3% Al and 37.7% 
O which shows the high purity  Al2O3. For the TiO2/TiN bilayer, the atomic ratio of Ti:O:N is 44.63:35.11:20.26.

Optical analyses of the prepared materials. �e UV–Vis optical characteristic of PAOT/TiO2/TiN are 
very important for the photodetector application. �e optical re�ectance spectra of the PAOT and PAOT/TiO2/
TiN are mentioned in Fig. 4a. In UV and visible regions, the average PAOT/TiO2/TiN re�ectivity compared to 
PAOT is relatively low. �is means that absorbance increases in the visible region a�er the deposition of  TiO2/
TiN on the template. All the spectra exhibit PAOTterns oscillations of interference  fringes30. �ere are very small 
interference fringes oscillations with the PAOT re�ectance due to interference between the re�ected light from 
the bottom (PAOT/Al) and top (PAOT/air) interfaces. For  TiO2/TiN-coated PAOT, the oscillation strength of 
the interference is stronger than PAOT. �is is ascribed to the strong light modulation re�ected from the top 
interfaces of the  TiO2/TiN  layer36. �erefore, the amplitudes of the re�ected beams are improved.

�e optical absorbance of  TiO2 and  TiO2/TiN is shown in Fig. 4b. From the �gure, the  TiO2 nanotube has a 
strong absorbance in the UV that is related to Π–Π* of the titanium  ions37,38.

�en, the absorption decreases sharply with increase wavelengths and becomes nearly constant above 600 nm. 
�is suggested that the  TiO2 showed a low spectral response to the visible light. For  TiO2/TiN �lm, the right 
absorption edge displays redshi� towards a higher wavelength at the visible region compared with that of  TiO2. 
Also, the absorbance is enhanced by coating these  TiO2 nanotubes with a very thin �lm of TiN. Also, the absorb-
ance is enhanced by coating these nanotubes with a very thin �lm of TiN.

In general, the bandgaps of  TiO2 and  TiO2/TiN are calculated based on the Tauc equation for direct optical 
band gaps of semiconductor, Eqs. 1, 239,40.
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where Eg is the energy bandgap, h is the Planck constant, ν is the light frequency, K is the constant, A is the opti-
cal absorbance, d is the material thickness, and α is absorption coe�cient.

From Fig. 4b, the energy gap value of  TiO2 is decreased from 3.1 to 2.3 eV a�er sputtering TiN which is 
agreeing with the redshi� of the absorption edge. �is decrease is due in Eg due to increasing free  carriers20. 
�e TiN covalent bond enables one electron to leave the Ti atom. �e barrier at the TiN/TiO2 interface permits 
free electrons to transfer from TiN to TiO2. �e boundless electron needs little energy for its freedom. So, the 
prepared PAOT/TiO2/TiN materials can be applied as a photodetector, in which they have a good absorbance 
in the UV and initial part of Vis regions.

Testing PAOT/TiO2/TiN as a photodetector. E�ect of light power intensity. �e dark current  (Jd) is 
measured and presented in Fig. 5. �e value of this current is very small that changed from − 1.8 to 1.8 µA  cm−2 
under an applied potential from − 1 to + 1 V. �is indicates the PAOT/TiO2/TiN has very small charge electrons 
that respond to the applied potential.

Under the dark condition, On the TiO2/TiN surface, oxygen molecules are adsorbed and free electrons from 
the conduction band are captured as follows, Eq. (3)41,42;

�is results in enhanced resistivity and consequently lowers the current density. Under light illumination, 
electron–hole pairs are generating as a result of the electrons that will transfer from the valence band to the 
conduction band. �e holes dri� to the surface and desorb the oxygen ions according to Eqs. 4 and 5.

�e remaining electrons increase the conductivity of  TiO2/TiN and therefore the photocurrent increases.
When the light source is switched o� (dark), the adsorbed oxygen molecules on the  TiO2/TiN surface are 

desorption induces the release of the electrons. �us, the sensor reverts to its initial mode.
�e behavior of oxygen atoms and molecules on the TiN surface was previously revealed in many works. 

Rodriguez et al. experimental studied the oxidation of TiN using synchrotron-based  photoemission43. �ere was 
chemisorption of oxygen without signi�cant surface oxidation at the lowest temperature. �e adsorption due to 
van der Waals forces between the TiN adsorbing material and the adsorbed  O2 molecules. Sei�tokaldani et al. 
investigated the interaction between oxygen molecule and TiN surface using density functional theory (DFT)44. 
�e calculated of oxygen adsorption energy proved oxygen adsorption on the TiN. Sinnott et al. examined 
computationally the TiN surface by using third-generation charge-optimized many-body (COMB3) potential 
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formalism and compared with available experimental  data45. �e simulation results predict that the oxygen 
molecule binds initially to a Ti atom in the TiN surface. Subsequently, it moves to a bridge position over two Ti 
atoms and then dissociates. �e dissociation of oxygen molecules is adsorbed on the TiN surface. �e bridge Ti 
atoms is the preferred adsorption site for the oxygen  molecule46.

�e e�ect of light power intensity on the PAOT/TiO2/TiN photodetector from 37.5 to 100 mW/cm2 at room 
temperature is shown in Fig. 5. �e TiN/TiO2 exhibit a linear I–V curve when at low voltage, which agrees with 
the previous  work47.

�e values of photocurrent density change greatly. Jph with the applied light power intensity. �e Jph values 
are increased from 0.1 to 10.73 mA.cm−2 with increasing the light power from 37.5 to 100 mW/cm2. �e plas-
monic resonance occurring in TiN nanostructures and generating this photocurrent. �e relation between the 
light power intensity and the produced photocurrent density at 1.0 V is mentioned in Fig. 5b. �e nonlinear 
relation between light intensity and photocurrent density indicates the complex electron–hole transportation 
 reaction48. �is con�rms the generation of more carriers on the material surface with increasing the light power 
intensity as a result of increasing excitation of electrons from VB to  CB49.

�e relation between photocurrent and light intensity can be described by a simple power-law as Eq. (6).

where B is a wavelength constant, P is the incident light power. y is the exponent parameter that determines the 
sensitivity of photodetector (photocurrent) to the incident light intensity. �is parameter refers to the complex 
process of electron–hole generation, recombination, and trapping of the carriers in  photodetectors50. It can 
determine the response rate. By �tting the experimental results using the previous equation, red line in Fig. 5b, 
y is estimated to be nearly integer exponent (0.93), which suggesting highly photosensing  ability51. �ese results 
indicate the prepared PAOT/TiO2/TiN can work as a good photodetector for the light power intensity.

Peng gives the linear range of dynamic (LDR, usually quoted in dB), Eq. (7)52:

At 100 mW/cm2, the LDR value is estimated to be 68.8 dB. �e relatively large LDR indicates that the device 
is linearly responsive.

Light wavelength. Photocurrent–voltage characteristics (Jph-V) have been recorded with a series of mon-
ochromatic wavelengths to obtain the spectral response of the device PAOT/TiO2/TiN. Figure 6 shows  Jph-V 
characteristics under monochromatic wavelength illumination ranging from UV to NIR (395–636 nm). From 
this �gure, the Photocurrent density values decrease as the wavelengths increase from 395 to 508  nm, then 
increase again at 588 nm, then continue in decreasing till reach 636 nm. Figure 6b gives the Jph values at + 1 V 
under illumination with di�erent monochromator light. �e increase of Jph values produced by the increase in 
wavelengths is related to Jph unsaturated phenomena, in which increases the wavelengths causes an increase 
in the released photo-generated  current53,54. �is matches the optical analyses of the prepared materials, Fig. 4.

�e photodetector performance is determined from the calculation of some parameters such as the pho-
toresponsivity (R), speci�c detectivity (D), and external quantum e�ciency (EQE)55. �e R-value represents the 
relationship between the photocurrent density and the intensity of the  light56. It can be estimated from the I–V 
data at + 1 V according to the following equation, Eq. (8)1.

(6)Jph = BPy

(7)LDR = 20log
Jph

Jd

Figure 6.  (a) �e relation between voltage and Jph under monochromatic illuminated with di�erent 
wavelengths and (b) V-Jph relation at 1.0 V for PAOT/TiO2/TiN photodetector.
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�e D values represent the photodetector sensitivity that can be calculated depends on the R-value from 
Eq. (9)24.

where A is the e�ective photodetector surface area and e is the electron charge.
�e responsivity of the photodetector versus the applied wavelengths at 62.5 mW is shown in Fig. 7a. �e 

maximum photoresponse is R = 450  mAW−1 at about 400 nm. �is agrees well with the  Jph values as shown in 
Fig. 6.

�e device has signi�cant performance in the region of visible light due to the TiN plasmonic contribution 
in this region.

�e device’s speci�c detectivity reaches its peak value, D = 8.0 ×  1012 Jones, at about 400 nm.
�e external quantum e�ciency (EQE) is the relation between the incident light photon �ux and produced 

 electrons57. �e photon �ux is directly proportional to the light intensity. �e EQE value is determined from the 
R-value depending on the light wavelength (λ) according to Eq. (10)58.

�e EQE for PAOT/TiO2/TiN is changed from 0.42 to 9.64% with changing the light intensity from 25 to 62.5 
mW  cm-2, respectively, and then it decreases to 8.07% as light intensity increases to 100 mW  cm-2 as mentioned 
in Fig. 7b.

Based on the above results, the fabricated photodetector exhibits better performance in terms of photore-
sponsivity and quantum e�ciency. �erefore, the prepared PAOT/TiO2/TiN works well as a novel photoreactor 
for detecting the light power intensity and wavelengths with high e�ciency.

Stability and reproducibility. �e stability and reproducibility of the prepared PAOT/TiO2/TiN photo-
detector are studied as shown in Fig. 8. �e study of the photoelectrode stability was carried out by applying of 
a 1.0 V potential on the photodetector and measuring the produced  Jph. From Fig. 8a, the electrode has high 
stability till 2000s. �e value of Jph is nearly constant for a long period indicating that the fabricated PDs have 
an acceptable stability. A very small photocurrent change over time due to adsorption of  O2 molecules on PD 
surface. �is high stability comes from the construction of the prepared photodetector that is based on inorganic 
stable  materials59.

�e reproducibility measurements were carried out by testing the photoelectrode many times under light 
intensity 37.5 and 100 mW/cm2. From Fig. 8b, all the runs have almost the same values. �is refers to a good 
reproducibility of the prepared detector and simultaneously con�rms the stability of the  detector60.

Finally, the values of R, D, and EQE of the proposed PD are higher than those previously reported as sum-
marized in Table 1.

Mechanism
�e working principle of PAOT/TiO2/TiN photodetector is mentioned through interaction between the photon 
incident, NPs and energy band theory as seen in the schematic in Fig. 9. �e energy bandgap of  TiO2 is about 
3.1 eV as mentioned before in some literature with the energy  diagram50,74. Under the light, illumination, the 
electron–hole pairs in  TiO2 are generated, which contributes to the generation of photo current in the PD. 
Meanwhile, the electromagnetic �elds in TiN can also be increased due to the electron collective oscillation as 

(8)R =

Jph − Jd

light power

(9)D = R
√

A/2eJd

(10)EQE = R
1240

�
100

Figure 7.  (a) �e responsivity as a function of wavelengths and (b) the EQE under di�erent intensity of light 
illumination.
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a result of surface  plasmon54. Also, the exciting hot electrons and high light absorption of TiN enhanced the 
photocurrent of the PD device.

For the TiN/TiO2 junction, the carriers’ di�usion (electrons and holes) continues until the Fermi energy  (EF) 
becomes the same in both materials. �is leads to band bending at the TiN/TiO2 interface and formed a deple-
tion region (or built-in electric �eld).

�e built-in electric �eld can e�ciently separate electron–hole pairs that generated. When the TiN layer is 
exposed to the light, hot electrons and holes are generated at the Fermi level of TiN as a result of surface plasmon 
resonance. �e work function of TiN (4.3 eV) is lower than that of  TiO2 (4.9–5.5 eV). �e energy di�erence 
between  TiO2 valence band and TiN Fermi level is too high, and this prevents injection of holes from TiN to  TiO2.

On the other hand, the barrier height between  TiO2 conduction band and TiN Fermi level is small, so the hot 
electrons can be transferred from TiN to the conduction band of the  TiO2 a�er passing the  barrier75. �is way 
prevents the carrier’s recombination which helps in the continuous electron �ow into the device and leads to pho-
tocurrent generation. Also, the good compact synthesis of these two layers forms another factor for electrons �ow.

Conclusion
We have prepared a novel photodetector PAOT/TiO2/TiN with high stability and low cost and high e�ciency for 
industrial application. �e photodetector was tested under di�erent light intensity (37.5 to 100 mW/cm2) and 
wavelengths (395–636 nm). �e photodetector has R, D, and EQE of 450  mAW-1, 8.0 ×  1012 Jones, and 9.64%, 
respectively. All the materials of the photodetector were prepared with highly controlled techniques. Di�erent 
characterization analyses were used to con�rm the morphology, chemical structure, and optical properties. We 
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Figure 8.  (a) �e stability and (b) the reproducibility of PAOT/TiO2/TiN photodetector.

Table 1.  Comparison of the performance for the prepared photodetectors with previous works.

Structure Wavelength (nm) Bais (V) R  (AW−1) D (Jone)

TiN/TiO2
47 550 5 - 6.0 ×  1010

InTiO2-Ge61 1550 2 0.185 22 ×  1011

Se/TiO2
62 450 1 0.005 1.0 ×  1012

TiO2-PANI63 320 0 0.003 –

TiO2/NiO64 350 0 0.0004 –

GaN 65 325 5 0.340 1.24 ×  109

Graphene/GaN66 365 7 0.003 1.45 ×  1010

ZnO/GaN67 300 0 0.176 2.5 ×  1012

Ag-ZnSe68 480 3 0.184 9.2 ×  1011

ZnO/Ag/ZnO69 300 1 0.100 –

ZnO/RGO70 350 5 0.0013 –

MoS2
71 600 5 0.120 1.0 ×  1010

GO/Cu2O
72 300 2 0.0005 1.0 ×  106

ZnS/Ag73 300 0 0.100 1.67 ×  1010

POAT/TiO2/TiN (this work) 400 1 0.45 8.0 ×  1012



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:17572  | https://doi.org/10.1038/s41598-021-96200-2

www.nature.com/scientificreports/

look forward to widening the application of the prepared photodetector in the space industry, light-sensing 
devices, and smart screens.

Received: 13 June 2021; Accepted: 27 July 2021

References
 1. Kunwar, S., Pandit, S., Jeong, J. H. & Lee, J. Improved photoresponse of UV photodetectors by the incorporation of plasmonic 

nanoparticles on GaN through the resonant coupling of localized surface Plasmon resonance. Nano-Micro Lett. 12, 1–16 (2020).
 2. Chen, H., Liu, K., Hu, L., Al-Ghamdi, A. A. & Fang, X. New concept ultraviolet photodetectors. Mater. Today 18, 493–502 (2015).
 3. Tan, M. et al. 2D lead dihalides for high-performance ultraviolet photodetectors and their detection mechanism investigation. 

Small 13, 1702024 (2017).
 4. Dikshit, A. K., Maity, S., Mukherjee, N. & Chakrabarti, P. Hybrid inorganic–organic inverted solar cells with ZnO/ZnMgO barrier 

layer and e�ective organic active layer for low leakage current, enhanced e�ciency, and reliability. IEEE J. Photovoltaics https:// 
doi. org/ 10. 1109/ JPHOT OV. 2021. 30678 28 (2021).

 5. Chandra Mandal, N. et al. Study of the properties of SiOx layers prepared by di�erent techniques for rear side passivation in 
TOPCon solar cells. Mater. Sci. Semicond. Process. 119, 105163 (2020).

 6. Chandra Mandal, N. et al. Evolution of PERC from Al-BSF: Optimization based on root cause analysis. Appl. Phys. A 126, 569 
(2020).

 7. Wang, Y., Qian, Y. & Kong, X. Photon counting based on solar-blind ultraviolet intensi�ed complementary metal-oxide-semicon-
ductor (ICMOS) for corona detection. IEEE Photonics J. 10, 1–9 (2018).

 8. Kang, Z. et al. MoS2-based photodetectors powered by asymmetric contact structure with large work function di�erence. Nano-
Micro Lett. 11, 1–12 (2019).

 9. Lee, J. H. et al. Anomalous photovoltaic response of graphene-on-GaN Schottky photodiodes. ACS Appl. Mater. Interfaces 10, 
14170–14174 (2018).

 10. Zhang, X. et al. High-performance �exible ultraviolet photodetectors based on AZO/ZnO/PVK/PEDOT:PSS heterostructures 
integrated on human hair. ACS Appl. Mater. Interfaces 11, 24459–24467 (2019).

 11. Kim, J. et al. Photon-triggered nanowire transistors. Nat. Nanotechnol. 12, 963–968 (2017).
 12. Zhang, X. et al. Giant UV photoresponse of a GaN nanowire photodetector through e�ective Pt nanoparticle coupling. J. Mater. 

Chem. C 5, 4319–4326 (2017).
 13. Basyooni, M. A., Ahmed, A. M. & Shaban, M. Plasmonic hybridization between two metallic nanorods. Optik (Stuttg). 172, 

1069–1078 (2018).
 14. Shaban, M., Ahmed, A. M., Abdel-Rahman, E. & Hamdy, H. Tunability and sensing properties of plasmonic/1D photonic crystal. 

Sci. Rep. 7, 1–10 (2017).
 15. Shaban, M. et al. Preparation and characterization of polyaniline and Ag/polyaniline composite nanoporous particles and their 

antimicrobial activities. J. Polym. Environ. 26, 434–442 (2018).
 16. Li, M. et al. Ultrahigh responsivity UV photodetector based on Cu nanostructure/ZnO QD hybrid architectures. Small 15, 1901606 

(2019).
 17. Liu, J. et al. Quasi-coherent thermal emitter based on refractory plasmonic materials. Opt. Mater. Express 5, 2721 (2015).
 18. Surre, F. et al. Estimation of transition metal nitride surface plasmon refractometer sensitivity. IEEE Sensors (2020). https:// doi. 

org/ 10. 1109/ SENSO RS430 11. 2019. 89566 91
 19. Mohamed, S. H. et al. Optical, water splitting and wettability of titanium nitride/titanium oxynitride bilayer �lms for hydrogen 

generation and solar cells applications. Mater. Sci. Semicond. Process. 105, 104704 (2020).
 20. Awad, M. A. & Aly, A. H. Experimental and theoretical studies of hybrid multifunctional  TiO2/TiN/TiO2. Ceram. Int. 45, 19036–

19043 (2019).
 21. Li, G. et al. Mesoporous TiN microspheres with hierarchical chambers and enhanced visible light-driven hydrogen evolution. 

Chemsuschem 6, 1461–1466 (2013).
 22. Kumar, R., Pasupathi, S., Pollet, B. G. & Scott, K. Na�on-stabilised platinum nanoparticles supported on titaniumnitride: An 

e�cient and durable electrocatalyst for phosphoric acidbased polymer electrolyte fuel cells. Electrochim. Acta 109, 365–369 (2013).
 23. Rabia, M. et al.  TiO2/TiOxNY hollow mushrooms-like nanocomposite photoanode for hydrogen electrogeneration. J. Porous Mater. 

27, 133–139 (2020).
 24. Noothongkaew, S., �umthan, O. & An, K. S. Minimal layer graphene/TiO2 nanotube membranes used for enhancement of UV 

photodetectors. Mater. Lett. 218, 274–279 (2018).

Figure 9.  Energy level diagram showing the transportation of charge carriers for  TiO2/TiN photodetector.

https://doi.org/10.1109/JPHOTOV.2021.3067828
https://doi.org/10.1109/JPHOTOV.2021.3067828
https://doi.org/10.1109/SENSORS43011.2019.8956691
https://doi.org/10.1109/SENSORS43011.2019.8956691


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:17572  | https://doi.org/10.1038/s41598-021-96200-2

www.nature.com/scientificreports/

 25. Wang, L. et al. E�cient ultraviolet photodetectors based on  TiO2 nanotube arrays with tailored structures. RSC Adv. 5, 52388–52394 
(2015).

 26. Feng, S. & Ji, W. Advanced nanoporous anodic alumina-based optical sensors for biomedical applications. Front. Nanotechnol. 0, 
36 (2021).

 27. Sousa, C. T. et al. Nanoporous alumina as templates for multifunctional applications. Appl. Phys. Rev. 1, 031102 (2014).
 28. Shaban, M., Ahmed, A. M., Abdel-Rahman, E. & Hamdy, H. Fabrication and characterization of micro/nanoporous Cr �lm for 

sensing applications. Microporous Mesoporous Mater. 198, 115–121 (2014).
 29. Shaban, M., Ahmed, A. M., Abdel-Rahman, E. & Hamdy, H. Morphological and optical properties of ultra-thin nanostructured 

Cu �lms deposited by RF sputtering on nanoporous anodic alumina substrate. Micro Nano Lett. 11, 295–298 (2016).
 30. Ahmed, A. M. & Shaban, M. Nanoporous chromium thin �lm for active detection of toxic heavy metals traces using surface-

enhanced Raman spectroscopy. Mater. Res. Express 7, 1–8 (2020).
 31. Sundararajan, M., Subramani, S., Devarajan, M. & Jaafar, M. Synthesis and analysis of anodic aluminum oxide-nanopore structure 

on Al substrates for e�cient thermal management in electronic packaging. J. Mater. Sci. Mater. Electron. 31, 9641–9649 (2020).
 32. Shimamura, A. et al. Fabrication and characterization of porous alumina with a surface layer composed of alumina platelet by 

direct-foaming method. J. Ceram. Soc. Jpn. 125, 375–377 (2017).
 33. Vaz, F. et al. Structural, optical and mechanical properties of coloured TiNxOy thin �lms. �in Solid Films 447–448, 449–454 

(2004).
 34. Venkataraj, S. et al. Towards understanding the superior properties of transition metal oxynitrides prepared by reactive DC mag-

netron sputtering. �in Solid Films 502, 228–234 (2006).
 35. Cho, S. J., Jung, C. K. & Boo, J. H. A study on the characteristics of TiOxNy thin �lms with various nitrogen �ow rate by PECVD 

method. Curr. Appl. Phys. 12, S29–S34 (2012).
 36. Ji, N., Ruan, W., Wang, M., And, Z. L. & Zhao, B. Fabrication of silver decorated anodic aluminum oxide substrate and its optical 

properties on surface-enhanced Raman scattering and thin �lm interference. Langmuir 25, 11869–11873 (2009).
 37. Sayyah, S. M., Shaban, M. & Rabia, M. A sensor of m-toluidine/m-cresol polymer �lm for detection of lead ions by potentiometric 

methods. Sens. Lett. 14, 522–529 (2016).
 38. Sayyah, E.-S.M., Shaban, M. & Rabia, M. A sensor of m -cresol nanopolymer/Pt-electrode �lm for detection of lead ions by poten-

tiometric methods. Adv. Polym. Technol. 37, 1296–1304 (2018).
 39. Ahmed, A. M., Rabia, M. & Shaban, M. �e structure and photoelectrochemical activity of Cr-doped PbS thin �lms grown by 

chemical bath deposition. RSC Adv. 10, 14458–14470 (2020).
 40. Helmy, A. et al. Graphite/rolled graphene oxide/carbon nanotube photoelectrode for water splitting of exhaust car solution. Int. 

J. Energy Res. 44, 7687–7697 (2020).
 41. Graciani, J., Fdez Sanz, J., Asaki, T., Nakamura, K. & Rodriguez, J. A. Interaction of oxygen with TiN (001): N↔O exchange and 

oxidation process. J. Chem. Phys. 126, 244713 (2007).
 42. Gutiérrez Moreno, J. J., Fronzi, M., Lovera, P., O’Riordan, A. & Nolan, M. Stability of adsorbed water on  TiO2-TiN interfaces. A 

�rst-principles and ab initio thermodynamics investigation. J. Phys. Chem. C 122, 15395–15408 (2018).
 43. Graciani, J., Sanz, J. F., Asaki, T., Nakamura, K. & Rodriguez, J. A. Interaction of oxygen with TiN(001):N↔O exchange and oxida-

tion process. J. Chem. Phys. 126, 244713 (2007).
 44. Sei�tokaldani, A., Savadogo, O. & Perrier, M. Density functional theory (DFT) computation of the oxygen reduction reaction 

(ORR) on titanium nitride (TiN) surface. Electrochim. Acta 141, 25–32 (2014).
 45. Cheng, Y. T., Liang, T., Martinez, J. A., Phillpot, S. R. & Sinnott, S. B. A charge optimized many-body potential for titanium nitride 

(TiN). J. Phys. Condens. Matter 26, 265004 (2014).
 46. Marlo, M. & Milman, V. Density-functional study of bulk and surface properties of titanium nitride using di�erent exchange-

correlation functionals. Phys. Rev. B 62, 2899 (2000).
 47. Naldoni, A. et al. Broadband hot-electron collection for solar water splitting with plasmonic titanium nitride. Adv. Opt. Mater. 5, 

1601031 (2017).
 48. Wang, X., Tian, W., Liao, M., Bando, Y. & Golberg, D. Recent advances in solution-processed inorganic nano�lm photodetectors. 

Chem. Soc. Rev. 43, 1400–1422 (2014).
 49. Abdalla, J. T. et al. TiCl4 surface-treated  SnO2 photoanodes for self-powered UV photodetectors and dye-sensitized solar cells. 

Mater. Technol. 32, 443–450 (2017).
 50. Hussain, A. A., Sharma, B., Barman, T. & Pal, A. R. Self-powered broadband photodetector using plasmonic titanium nitride. ACS 

Appl. Mater. Interfaces 8, 4258–4265 (2016).
 51. Luo, L. B. et al. Light trapping and surface plasmon enhanced high-performance NIR photodetector. Sci. Rep. 4, 1–8 (2014).
 52. Zhang, T. F. et al. Broadband photodetector based on carbon nanotube thin �lm/single layer graphene Schottky junction. Sci. Rep. 

6, 1–8 (2016).
 53. Liu, Z. et al. Fabrication of UV photodetector on  TiO2/diamond �lm. Sci. Rep. 5, 14420 (2015).
 54. Mohamed, F., Rabia, M. & Shaban, M. Synthesis and characterization of biogenic iron oxides of di�erent nanomorphologies from 

pomegranate peels for e�cient solar hydrogen production. J. Mater. Res. Technol. 9, 4255–4271 (2020).
 55. Zhao, H. et al. Conjuncted photo-thermoelectric e�ect in ZnO–graphene nanocomposite foam for self-powered simultaneous 

temperature and light sensing. Sci. Rep. 10, 11864 (2020).
 56. Jia, R., Zhao, D., Gao, N. & Liu, D. Polarization enhanced charge transfer: Dual-band GaN-based plasmonic photodetector. Sci. 

Rep. 7, 1–8 (2017).
 57. Bell, S., Will, G. & Bell, J. Light intensity e�ects on photocatalytic water splitting with a titania catalyst. Int. J. Hydrog. Energy 38, 

6938–6947 (2013).
 58. Shaban, M., Rabia, M., El-Sayed, A. M. A., Ahmed, A. & Sayed, S. Photocatalytic properties of PbS/graphene oxide/polyaniline 

electrode for hydrogen generation. Sci. Rep. 7, 1–13 (2017).
 59. Rabia, M., Shaban, M., Jibali, B. M. & Abdelkhaliek, A. A. E�ect of annealing temperature on the photoactivity of ITO/VO2 (M)/

Au �lm electrodes for water splitting. J. Nanosci. Nanotechnol. 20, 4120–4130 (2020).
 60. Rabia, M., Mohamed, H. S. H., Shaban, M. & Taha, S. Preparation of polyaniline/PbS core-shell nano/microcomposite and its 

application for photocatalytic  H2 electrogeneration from  H2O. Sci. Rep. 8, 1107 (2018).
 61. Lu, R. et al. A localized surface plasmon resonance and light con�nement-enhanced near-infrared light photodetector. Laser 

Photon. Rev. 10, 595–602 (2016).
 62. Zheng, L., Hu, K., Teng, F. & Fang, X. Novel UV–visible photodetector in photovoltaic mode with fast response and ultrahigh 

photosensitivity employing Se/TiO2 nanotubes heterojunction. Small 13, 1602448 (2017).
 63. Zheng, L. et al. Scalable-production, self-powered  TiO2 nanowell-organic hybrid UV photodetectors with tunable performances. 

ACS Appl. Mater. Interfaces 8, 33924–33932 (2016).
 64. Zheng, L., Teng, F., Zhang, Z., Zhao, B. & Fang, X. Large scale, highly e�cient and self-powered UV photodetectors enabled by 

all-solid-state n-TiO2 nanowell/p-NiO mesoporous nanosheet heterojunctions. J. Mater. Chem. C 4, 10032–10039 (2016).
 65. Aggarwal, N. et al. A highly responsive self-driven UV photodetector using GaN nano�owers. Adv. Electron. Mater. 3, 1700036 

(2017).
 66. Kalra, A. et al. Demonstration of high-responsivity epitaxial β-Ga2O3/GaN metal-heterojunction-metal broadband UV-A/UV-C 

detector. Appl. Phys. Express 11, 064101 (2018).



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:17572  | https://doi.org/10.1038/s41598-021-96200-2

www.nature.com/scientificreports/

 67. Shen, X., Xiong, Y., Hai, R., Yu, F. & Ma, J. All-MXene-based integrated membrane electrode constructed using  Ti3C2Tx as an 
intercalating agent for high-performance desalination. Environ. Sci. Technol. 54, 4554–4563 (2020).

 68. Huang, J.-A. & Luo, L.-B. Low-dimensional plasmonic photodetectors: Recent progresses and future opportunities. Adv. Opt. 
Mater. 7, 1900884 (2019).

 69. Yang, Z. et al. High-performance ZnO/Ag Nanowire/ZnO composite �lm UV photodetectors with large area and low operating 
voltage. J. Mater. Chem. https:// doi. org/ 10. 1039/ c4tc0 0394b (2014).

 70. Liu, K., Sakurai, M., Liao, M. & Aono, M. Giant improvement of the performance of ZnO nanowire photodetectors by Au nano-
particles. J. Phys. Chem. C 114, 19835–19839 (2010).

 71. Choi, W. et al. High-detectivity multilayer  MoS2 phototransistors with spectral response from ultraviolet to infrared. Adv. Mater. 
24, 5832–5836 (2012).

 72. Lan, T., Fallatah, A., Suiter, E. & Padalkar, S. Size controlled copper(I) oxide nanoparticles in�uence sensitivity of glucose biosensor. 
Sensors 17, 1944 (2017).

 73. An, Q., Meng, X., Xiong, K. & Qiu, Y. Self-powered ZnS nanotubes/Ag nanowires MSM UV photodetector with high on/o� ratio 
and fast response speed. Sci. Rep. 7, 1–12 (2017).

 74. Hussain, A. A., Pal, A. R. & Patil, D. S. An e�cient fast response and high-gain solar-blind �exible ultraviolet photodetector 
employing hybrid geometry. Appl. Phys. Lett. 104, 193301 (2014).

 75. Podder, S. & Pal, A. R. Plasmonic visible-NIR photodetector based on hot electrons extracted from nanostructured titanium 
nitride. J. Appl. Phys. 126, 083108 (2019).

Author contributions
A.M.E., M.R., A.M.A. do the experimental work. A.M.E., M.R., A.M.A., M.S., A.H.A. analyses the data. M.S., 
A.H.A., A.M.A. have revised the data and supervision. A.M.E., M.R., A.M.A., M.S., A.H.A. have written the 
manuscript. A.M.E., M.R., A.M.A., M.S., A.H.A. revised the English language.

Competing interests 
�e authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.H.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© �e Author(s) 2021

https://doi.org/10.1039/c4tc00394b
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Preparation of hexagonal nanoporous Al2O3TiO2TiN as a novel photodetector with high efficiency
	Experimental part
	Aluminum oxide template synthesis. 
	Synthesis of TiO2TiN. 
	Characterization. 
	Photodetector fabrication process. 

	Results and discussion
	SEM and XRD analyses. 
	Optical analyses of the prepared materials. 
	Testing PAOTTiO2TiN as a photodetector. 
	Effect of light power intensity. 

	Light wavelength. 
	Stability and reproducibility. 

	Mechanism
	Conclusion
	References


