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Abstract

In the present work, we have synthesized ZnO nanorods (ZnO NRs) by using hydrothermal
technique. The morphological, structural and optical properties of ZnO NRs were inves-
tigated using x-ray diffraction (XRD), scanning electron microscope (SEM) and UV-Vis
absorption. XRD pattern confirms the deposited film was highly oriented crystalline ZnO
NRs along [002] direction. SEM shows the formation of submicron and NRs morphology.
The optical absorption studies depict that the optical energy gap of the film was 3.5 eV.
The fabricated n-ZnO NRs/p-Si heterojunction photodetector exhibits rectification proper-
ties with an ideality factor of 2.2. The highest responsivity and quantum efficiency of the
photodetector were nearly 0.27 A/W and 89% at 350 nm, respectively, without using buffer
layer.
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1 Introduction

Nanostructured materials have drawn attention due to their superior structural, optical and
electrical properties which enable them to be used for many industrial and technological
applications. Ultraviolet (UV) and high energy optoelectronic devices, such as UV detec-
tors, laser diodes in the ultraviolet region, and light-emitting diodes, have opened the gate
for a wide field of application, for example, high-density information storage, laser print-
ing, optical fiber communication, and others (Salem et al. 2016; Kim et al. 2011; Salavati-
Niasari et al. 2008; Babaheydaria et al. 2012; Yousefi et al. 2014). ZnO is a direct and wide
energy gap semiconducting material and due to its versatile physical and chemical proper-
ties, it used in many industrial applications such as optoelectronics, light sensing, biologi-
cal, and green energy applications (Fa et al. 2006; Salem et al. 2013; Salim et al. 2016; Sun
et al. 2011). Baxter and Aydil (2006) designed a novel DSSC solar cell using ZnO nanoma-
terials as a wide bandgap n-type semiconductor, Alver et al. (2007) used ZnO films as film
transistor, Agnieszka and Tcofil (Agnieszka and Tcofil 2014) employed ZnO in medical
application as a plaster material besides many other applications. Hassanpour et al. (2017)
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used ZnO based nanocomposite in water treatment as methylene blue MB and rhodamine
B removal. Goudarzi et al. (2017) utilized ZnO nanoparticles as a photocatalyst for the de-
colorization of MO under ultraviolet -light irradiation. Various growth methods have been
used to prepare ZnO films, such as sputtering, pulsed laser deposition (Salem et al. 2016;
Aimsha et al. 2010) ion beam sputtering (Baxter and Aydil 2006) chemical vapour deposi-
tion (Chen et al. 2009), sol—gel spin-coating technique (Choi 2010), molecular beam epi-
taxial (Kim 2009), plasma vapour deposition (Kim et al. 2010), and hydrothermal method
(Jeon 2010). It is worth noting that the used method and condition play an important role in
controlling the obtained ZnO nanostructers with different morphology, thermal decomposi-
tion of [Zn(C,0,)]-oleylamine complex has been used to prepare ZnO nanotriangles (Sala-
vati-Niasari et al. 2009a), ZnO nanosphericals were prepared using [Zn(salen)] thermal
decomposition for 90 min at 290 °C in the presence of oleylamine. ZnO nanobundle was
synthesized using [Zn(salen)] thermolysis at 500 °C in the air for 5 h (Salavati-Niasaria
et al. 2011). Large quantity of (15-25) nm ZnO nanocrystals was obtained via thermolysis
of zinc acetophenato in oleylamine and triphenylphosphine under mild conditions (Sala-
vati-Niasari et al. 2009b). Flowers like ZnO nanostructures were synthesized using [Zn
(C,0,)-2H20] solution with help of microwave-assisted polyol method (Mira et al. 2012).
Fiber-like ZnO nanostructures morphologies were obtained using solution free and solid
state de-composition of zinc precursor at 400 °C (Soofivand et al. 2013). Hydrothermal can
be considered as simple, low-temperature and inexpensive technique to grow single crys-
tal metal oxide nanostructures (Aneesh et al. 2007). It is found to be the most promising
method due to the growth of low crystalline deformation such as dislocation density beside
that and it is a cost-effective technique compared with other growth techniques (Luo et al.
2010). Besides the last benefit of this method, it is preferred in the production of uniform
nanoparticles, especially in the preparation of nanocomposite and nano-hybrid materials.
Herein, we report the fabrication and characterization of visible-blind ZnO NRs/Si photo-
detector by using a hydrothermal method without using post-annealing and/or buffer layer.

2 Experimental

ZnO nanostructures films were prepared by hydrothermal technique on quartz and single
crystal silicon substrates. The silicon substrate used here was mirror-like p-type with an
electrical resistivity of (5-10) € cm and orientation of (111). In the beginning, the silicon
wafer was cut into square pieces with an area of 1 cm? and then cleaned with acetone and
ethanol for 30 min.. These substrates were then washed with deionized water (DI) and dried
with nitrogen gas. The deposition of nanostructured ZnO was carried out in two steps; in
the first step, the seed layer of ZnO nanocrystals was prepared by the drop-casting method.
Zinc acetate [Zn (CH;COO) ,] of 10 mM was dissolved in 10 ml of ethanol to form an
aqueous solution. The pre-coated silicon substrates with ZnO nanostructured film have
been annealed at 350 °C for one hour for the ZnO nanocrystals formation. In the second
step, an aqueous growth solution of a 25 mM zinc nitrate [Zn (NO;),-6H,0] and 25 mM
hexamethylenetetramine (HMTA) was prepared. Sonication of the solution for 30 min was
carried out. Afterward; the pre-coated Si substrates with ZnO NRs film were horizontally
immersed in the growth solution and loaded into the oven at 85 °C for 4 h. After that, the
substrates were rinsed in deionized water DI water and finally, they dried with nitrogen
gas. X-ray diffractometer (XRD-6000, Shimadzu) was employed to investigate the struc-
tural properties of ZnO film deposited on the glass substrate. Scanning electron microscope
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SEM (T-scan Vega III Czech) was used to investigate the surface morphology of ZnO film.
The chemical composition of the prepared film was investigated using energy dispersive
x-ray EDX equipped with SEM. The optical absorbance of nanostructured ZnO film was
measured by using UV-Vis double beam spectrophotometer (Lambda 750, Perkin Elmer).
The morphology and size of ZnO nanorods measurement were determined using high- res-
olution transmission electron microscope HRTEM (JEOL-2000 EX). Indium thin film and
aluminum thick film were deposited, respectively, on ZnO NRs and the silicon substrate to
conduct ohmic contacts. Figure 1 shows the architecture of n-ZnO NRs/p-Si photodetector
and the sensitive area of the photodetector was around 8 mm?>.

The Current—voltage characteristics under dark and illuminated condition were meas-
ured at room temperature using DC power supply, Keithley electrometer and halogen lamp
connected with variac to control light intensity. The spectral responsivity of the photode-
tector was measured in the spectral region of (300-950) nm at 5 V reverse bias voltage by
using Jobin Yvon monochromator after power calibration using Sanwa silicon power meter.
The spectral responsivity was performed under effect 5 V reverse bias.

3 Results and discussion

Figure 1 illustrates the XRD pattern of ZnO NRs deposited on a silicon substrate. It is seen
that five XRD peaks were noticed at 20 =31.8°, 34.6°, 36.3°, 46.6°, and 62° corresponding
to (100), (002), (101), (102), and (103) planes, respectively.

These peaks are indexed to the polycrystalline ZnO with wurtzite structure according to
JCPDs # 01-079-0205 (Jangir et al. 2017). These peaks are close to those of ZnO film pre-
pared by precipitation method (Yousefi et al. 2014). The highest intense peak was observed
along the direction [002] indicates a highly oriented c-axis ZnO NRs. No other XRD peaks
have been found could be related to impurities or zinc complex indicates the purity of the
grown film. The mean crystallite size of ZnO was calculated using Debye—Scherrer equa-
tion along (002) plane and found to be approximately 28 nm. The SEM image of ZnO NRs
prepared on a silicon substrate is shown in Fig. 2. As shown, the grown film has nanorods
morphology with different dimensions.

Fig.1 Schematic diagram of Light
n-ZnO NRs/p-Si heterojunction
photodetector

<« In-electrode
<— ZnO NRs

«— P-Si substrate

¢ Al-electrode
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Fig.2 XRD pattern of ZnO NRs deposited on silicon substrate

The magnified SEM images of Fig. 3 confirmed the presence of submicron and nano-
sized rods with different lengths. The nanorods are distributed over the silicon substrate;
the average rod diameter was 75 nm and the length of 400 nm. Figure 3 also shows the
presence of ZnO nanoparticles with different sizes distributed over the substrate. The
EDX spectrum of ZnO NRs depicted in Fig. 4 shows the existence of only the peaks
related to Zn and O elements indicates the purity of the prepared ZnO NRs. The atomic
molar ratio [Zn]/[O] was determined from EDX analysis and was found to be 0.95 indi-
cates the prepared film is stoichiometric.

Figure 5 shows the HRTEM image of single ZnO NR with selected area electron
diffraction (SAED) pattern. As shown, the NRs are growing in the direction of c-axis
[0002]. The average diameter of ZnO nanorods measured from TEM image was
around 70 nm and the length of 350 nm. The electron diffraction taken on a single ZnO
nanoroad confirms the crystallinity structure of ZnO NRs. Figure 6 shows the photo-
graphs of ZnO films deposited on the quartz substrates by hydrothermal technique at
same condition. As clearly seen in Fig. 6, the deposited films are highly transparent and
uniform and no voids or microcracks have been observed on the film surface.

Figure 7a depicts the optical absorption of ZnO NRs grown on the quartz substrate. A
broad absorption peak at 355 nm was noticed due to the confinement effect of ZnO NRs
(Debanath and Karmakar 2013). After this wavelength, the film absorption decreases up
to 470 nm and tends to saturate after 470 nm.The optical energy gap of ZnO NRs was
found by extrapolation of the linear part of (ahv)? versus plot to photon energy axis as
shown in Fig. 7b according to following relationship
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Fig.3 SEM images of ZnO nanorods deposited on silicon with different magnifications

n

ahv = A(hv - E,) (1)

where A is the constant depends on film material and n is the exponent, and equal to 0.5
for a direct energy gap. As shown in Fig. 7b, the optical band gap of ZnO NRs is 3.5 eV,
which is larger than that of the bulk ZnO because of the blue shift comes from the quantum
size effect (Ismail et al. 2011).

Figure 8 reveals the variation of electrical resistivity of the ZnO film versus the operat-
ing temperature. As shown, the electrical resistivity decreases from 477 to 453 Qcm as the
temperature increases from 303 to 413 K indicates the semiconducting nature of the depos-
ited nanostructured ZnO film. The activation energy E, of ZnO film was determined from
the slope of the linear part of the plot Inp versus the reciprocal of temperature as shown in
the inset of Fig. 8§ and found to be 14 meV which agree well with reported data for pure
ZnO film (Nistor et al. 2016).

Figure 9 displays the room temperature dark I-V characteristics of n-ZnO NRs/p-Si
at forward and reverse directions. I-V properties of the photodetector exhibit rectify-
ing properties (diode-like) and the forward current was fond to be increased with bias
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Fig.4 EDX spectrum of ZnO

nanostructure film ‘
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Fig.5 HRTEM image of single
ZnO nanorod. The inset is the
electron diffraction of ZnO NRs
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Fig.6 Photograph of ZnO films
deposited on quartz substrate
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Fig.7 a Optical absorption of nanostructured ZnO, b (ahv)? versus photon energy plot
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Fig.9 Dark I-V characteristics of n-ZnO NRs/p-Si heterojunction. Inset is the semi-logarithmic Ii—V; plot

voltage, while the reverse current was voltage independent. Under forward bias, the cur-
rent transport at Vi < 1 V obeys the ohmic behavior and it increases notably after this
voltage and deviates from ohmic behavior confirms the domination of diffusion current.
The ideality factor n was determined by plotting Inl; versus forward voltage (inset of
Fig. 9) and by using the diode equation
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where I represents the saturation current of the heterojunction which estimated from the
extrapolating the linear part (region 1) of the Inl; versus V; plot (inset of Fig. 9) to V=0
point and it founds to be approximately 70 nA. The ideality factor of ZnO/Si heterojunction
was found to be 2.2 confirms that the fabricated heterojunction has a low density of struc-
tural defects (Ismail et al. 2005, 2006). The obtained ideality factor was comparable to that
for ZnO/Si heterojunction prepared by sol—gel technique (Sarkar et al. 2012).

The spectral responsivity R, of the photodetector is considered one of the most impor-
tant figures of merit of the photodetector that describe the photodetector performance
(Ismail 2009; Ismail et al. 2017a) and it can be estimated using the following equation

ol 3)
P P

R, =

where I, is the illuminated current, I, is the photocurrent of the photodetector and P is the
power of light at specific wavelength. The responsivity and corresponding quantum effi-
ciency of n-ZnO NRs/p-Si heterojunction photodetector at 5 V bias are shown in Fig. 10.
As seen, two response peaks have been observed situated at 350 nm (UV region) and
840 nm (NIR) which are belonging to the absorption edge of ZnO NRs and the silicon sub-
strate, respectively (Ismail et al. 2017b). The responsivity of the photodetector at 350 nm
was 0.27 A/W corresponding to quantum efficiency of 89%, while the responsivity and
quantum efficiency of the photodetector at 840 nm were 0.09A/W and 28%, respectively.
The maximum responsivity of the photodetector prepared by this technique is compara-
ble to those reported for ZnO/Si photodetector prepared by other methods (Chen and Pan
2008; Hazra et al. 2014; Ismail et al. 2014). The responsivity of the photodetector at the
visible region is flat and low (visible-blind photodetector). The specific detectivity D* and
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Fig. 10 Responsivity and quantum efficiency of ZnO NRs/Si photodetector at 5 V bias
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Table 1 Comparison of figures of merit of ZnO/Si photodetector prepared by different techniques

Technique Responsivity (A/W) EQE % D* (Jones) References
Hydrothermal 0.27 (at 350 nm) 89 3.4x10" Present work

RF magnetron 7.1 (at 442 nm) - 7.1%x10° Wang (2014)

Laser deposition 21.5 (at 365) 73.1%x10% 1.26x10'? Flemban et al. (2017)

noise equivalent power NEP of the ZnO/Si heterojunction photodetector were found from
responsivity and dark I-V data at 5 V bias and found to be 3.4x10'! Jones and 2.9 pW,
respectively.

Table 1 shows the obtained values of figures of merit of ZnO/Si photodetector fabricated
by hydrothermal method compared to some ZnO/Si heterojunctions prepared by other tech-
niques. As can be seen, the parameters of the photodetector are depended strongly on the
deposition method.

4 Conclusion

In summary, we have fabricated UV-sensitive ZnO NRs/Si heterojunction photodetec-
tors by using simple hydrothermal route without using a buffer layer. The morphological,
structural, optical, and electrical properties of nanostructured ZnO film have been stud-
ied. XRD data confirm the formation of polycrystalline ZnO with wurtzite structure and
the grains are highly oriented along [002] direction. The optical absorption of ZnO film
shows a broad peak at 350 nm and the direct optical energy gap of ZnO film was 3.5 eV.
SEM investigation reveals that the deposited film has nanorods morphology with different
dimensions. EDX result confirms that the deposited film is stoichiometric. TEM and elec-
tron diffraction investigations confirmed formation of high quality ZnO nanorods with an
average size of 70 nm and the crystal direction was around [0002]. The ideality factor of
the ZnO/Si photodetector was 2.2. The maximum responsivity of the ZnO NRs/Si photo-
detector without post-annealing was 0.27A/W at in the UV region. The specific detectivity
of the photodetector was 3.4 x 10'! Jones and the external quantum efficiency was 89% at
350 nm. The photodetector parameters, namely responsivity, quantum efficiency and detec-
tivity were compared with those for photodetector prepared by others methods. The tech-
nique used here is cost-effective, simple, reliable, and promising for preparation of high
photosensitivity ZnO NRs/Si visible-blind heterojunction photodetector.
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