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Abstract
Selective area growth of ZnO nanorods is accomplished on microgap electrodes (spacing of 6 μm) by using a
facile wet chemical etching process. The growth of ZnO nanorods on a selected area of microgap electrode is
carried out by hydrothermal synthesis forming nanorod bridge between two electrodes. This is an attractive,
genuine, direct, and highly reproducible technique to grow nanowire/nanorod onto the electrodes on selected
area. The ZnO nanorods were grown at 90°C on the pre-patterned electrode system without destroying the
electrode surface structure interface and geometry. The ZnO nanorods were tested for their application in
ultraviolet (UV) sensors. The photocurrent-to-dark (Iph/Id) ratio was 3.11. At an applied voltage of 5 V, the
response and recovery time was 72 and 110 s, respectively, and the response reached 2 A/W. The deposited
ZnO nanorods exhibited a UV photoresponse that is promising for future cost-effective and low-power electronic
UV-sensing applications.
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Background
Metal-oxide-semiconductor nanostructures have received
considerable attention worldwide because of their excellent
physical and chemical properties in the recent past [1].
Among them, zinc oxide (ZnO) nanostructures have
attracted significant interest because of their large wide
direct bandgap (Eg = 3.37 eV) [2] and high exciton binding
energy (60 meV) [2-4]. Ultraviolet (UV) photodetectors
are widely used in various commercial [5] and military
applications [6], such as secure space-to-space communications [7], pollution monitoring, water sterilization,
flame sensing, and early missile plume detection [8].
Moreover, the direct flow of electrons contributes to the
maximum photocurrent generation because of the large
interfacial surface area [9]. In contrast to GaN, ZnO has a
maximum electron saturation velocity; thus, photodetectors
equipped with ZnO can perform at a maximum operation
speed [10]. Different types of photosensors, such as p-n
junction, metal–semiconductor-metal, and Schottky diodes,
have been fabricated. However, metal–semiconductor-metal
photosensors are becoming popular because of their simple
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structure [11]. The sensor photoconductivity of ZnO
depends on the growth condition, the surface morphology,
and crystal quality [12].
The synthesis of ZnO nanostructures has been reported;
however, the area-selective deposition of ZnO nanostructures or their integration into complex architectures
(microgap electrode) is rarely reported [13-24]. In this
manuscript, we report the deposition of ZnO nanorods
on a selective area of microgap electrodes through simple
low-cost, highly reproducible hydrothermal technique, and
their applications in UV sensors were investigated.

Methods
Materials and method

The UV sensor was fabricated with Schottky contacts by
conventional photolithography followed by wet etching
technique. ZnO nanorods were grown on the electrode
by hydrothermal process. The p-type (100) silicon substrate
was cleaned with RCA1 and RCA2 [25] to remove the
contaminants. The RCA1 solution was prepared by mixing DI water, ammonium hydroxide (NH4OH (27%)),
and hydrogen peroxide (H2O2 (30%)) by maintaining the
ratio of 5:1:1. For the RCA2 preparation, hydrochloric acid
(HCL (27%)) and H2O2 (30%) were mixed in DI water by
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maintaining the composition at 6:1:1. An oxide layer with
a thickness of approximately 1 μm was then deposited
by wet oxidation process. Thin layers of titanium (Ti)
(30 nm) and gold (Au) (150 nm) were deposited using a
thermal evaporator. As shown in Figure 1b, a zero-gap
chrome mask was used in the butterfly topology. After
UV exposure, controlled resist development process
was performed to obtain a 6-μm gap. The seed solution
was prepared as described in our previous research [25].
The concentration of zinc acetate dehydrate was 0.35 M
in 2-methoxyethanol. Monoethanolamine (MEA) was
added dropwise to the seed solution, which was heated
to 60°C with vigorous stirring until the molar ratio of
MEA to zinc acetate dehydrate reached 1:1. The seed
solution was incubated at 60°C for 2 h with continuous
stirring. The measured pH value for the MEA-based
seed solution was 7.69. The aged solution was dropped
onto the surface of the microgap structure, which was
rotated at 3,000 rpm for 45 s. After deposition via spin
coating, the films were dried at 300°C for 15 min to
evaporate the solvent and remove the organic residuals.
The spin coating procedure was repeated five times.
The films were then inserted into the furnace and
annealed at 400°C for 1 h in air. The growth solution was
prepared by mixing equimolar ratio zinc nitrate hexahydrate (0.025 M) and hexamethylenetetramine (0.025 M)
in 150 mL of deionized (DI) water. The growth solution
was transferred to a 250-mL beaker with vigorous stirring for 20 min. The pre-coated substrates were then
horizontally immersed inside the beaker containing the
growth precursors. The beaker was directly inserted in a
preheated oven at 90°C for 6 h to induce the growth of
nanorods. After the growth induction time, the oven
was cooled down to room temperature. The substrate
was washed with DI water to remove any residual salt
and dried in nitrogen atmosphere. The aspect ratio of
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the ZnO nanorods depends on the reaction time. The
length of the nanorods considerably increased with longer
reaction times; however, the diameter of the nanorods
only grew slightly. Figure 2a,b,c shows the SEM images
of the ZnO nanorods at different magnification powers
after 6 h of reaction time.

Results and discussion
The X-ray diffraction (XRD) spectrum of the ZnO nanorods calcinated at 400°C is shown in Figure 3. The peaks
indicate that the nanorods have a polycrystalline phase
with a preferential orientation along the c-axis, and that
the c-axis of the crystalline is uniformly perpendicular to
the substrate surface. The crystalline size at the (002) peak
was calculated using the Scherrer formula [26-28].
Figure 1a shows the schematic view of entire experimental process. Figure 1b shows the butterfly topology
zero-gap chrome mask. Figure 2a,b,c shows high- and
low-magnification SEM micrographs of the deposited
ZnO nanorods. The SEM showed the morphological
features of the ZnO nanorods deposited on a selected
area of microgap electrodes. The seeded area was completely covered with ZnO nanorods which indicates
selective growth on the area of microgap electrodes. It
is noteworthy to mention that the as-grown ZnO nanorods
were interconnected to each other as noticeably seen
by the SEM observations [29-31]. Such interconnected
network facilitates electron transport along the nanorod/
nanowire axis [32,33].
Figure 4 demonstrates the current-to-voltage (I-V)
characterization of the area-selective deposited ZnO nanorods on the microgap electrodes. These I-V values were
recorded in the dark and with UV illumination. The I-V
curves show the Schottky behavior of Au on an n-type
ZnO contact. Such behavior corresponds to the large
leakage resistance and high quality of the contacts [34].

Figure 1 The entire experimental process and the butterfly topology zero-gap design. (a) Schematic of the side and top views of the
entire experimental process and the (b) butterfly topology zero-gap design printed on the chrome mask.
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Figure 3 XRD spectrum of the ZnO nanorods.

ZnO nanorod UV sensor, which results in electron–hole
pairs.
hv → hþ þ e− :

ð2Þ

The positively charge holes that were created due to
the photogeneration neutralize the chemisorbed oxygen
that was responsible for higher resistance that revealed
conductivity increment, and as a consequence, the photocurrent increases.
O−2 þ hþ → O2 ;
where O2 is the oxygen molecule, e− is the free electron
and the photogenerated electron in the conduction band,
O−2 is the adsorbed oxygen, hv is the photon energy of the
UV light, and h+ is the photogenerated hole in the valence
band. After the UV light is switched on, the number of
oxygen molecules on the ZnO nanorod surface rapidly
reaches the maximum value in response to the ultraviolet
Figure 2 SEM images of area-selective deposited ZnO nanorods
on microgap electrodes. The images are at different magnification
powers: (a) 50 μm, (b) 10 μm, and (c) 5 μm.

The dark and photocurrent values were 7.35 and 22.89 μA,
respectively, which clearly indicate a threefold increase in
the dark current value.
The sensor mechanism is based on Equations (1) to (3)
[35,36]; the reactions on the ZnO nanorod surface during
UV illumination can be explained as follows: when the
adsorbed oxygen molecules capture the electron from the
conduction band, a negative space charge layer is created,
which results in enhanced resistivity [37].
O2 þ e− → O−2 :

ð1Þ

When the photon energy is greater than the bandgap
energy (Eg), the incident radiation is adsorbed in the

Figure 4 I-V curves of the area-selective deposited ZnO nanorods
in dark and UV light environments.
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light [38]. When the ultraviolet light is switched off, the
oxygen molecules are reabsorbed on the ZnO nanorod
surface. Thus, the sensor reverts to its initial mode [39].
An important parameter used to evaluate the suitability
of the sensor for UV-sensing applications is spectral
responsivity as a function of different wavelengths. This
parameter yields the internal photoconductive gain.
Generally, the sensor responsivity can be calculated
as [40]
Ri ¼ ηg

qλ
;
hc

ð4Þ

where λ, q, h, c, and η show the wavelength, electron
charge, Planck's constant, light velocity, external quantum
efficiency, and internal gain of the sensor. As shown in
Figure 5, the sensor responsivity shows a linear behavior
below the bandgap UV region (300 to 370 nm) and a
sharp cutoff with a decrease of two to three orders of
magnitude at approximately 370 nm. The maximum
responsivity of our sensor at an applied bias of 5 V was 2
A/W, which is higher than the values reported in the
literature [41-43].
Another important parameter for UV sensor is the
current-to-time (I-t) response in the switched on/off
states of UV light. Figure 6 shows the I-t response
curves at different voltages of area-selective deposited
ZnO nanorods on microgap electrodes with UV illumination. The rise time was 72 s, whereas the decay
time was 110 s. We believe that such rise and decay
times observed in our photo response measurement
are caused by area-selective deposited ZnO nanorods
on the microgap electrodes. Also from the curves, it
can be revealed that the fabricated devices can be used
for low-power miniaturized devices with fast detection
capability and reproducibility.

Figure 6 I-t curve of the area-selective deposited ZnO nanorods
in dark and UV light environments.

Conclusions
In summary, the ZnO nanorods were selectively grown
on pre-patterned seeded substrates at low temperature
(90°C) by hydrothermal method. Conventional lithography
followed by simple wet etching process was used to define
microgap electrodes with approximate spacing of 6 μm on
seeded substrates. The ZnO nanorod microgap electrodes
were investigated in dark and UV environments and
showed noticeable changes with UV light exposure. The
sensor gain was 3.11. The response time was less than
72 s. The recovery time was 110 s. The responsivity was 2
A/W. These fascinating results propose that the selective
area growth of the ZnO nanorods exhibits a UV photoresponse that is promising for future cost-effective and
low-power electronic UV-sensor applications.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
QH and MK carried out the synthesis, characterization, and the sensing study
of the nanorods. AQ provided technical writing support on the manuscript.
UH provided all the instruments used for characterization. All authors read
and approved the final manuscript.
Authors' information
QH is a PhD Student at the Institute of Nano Electronic Engineering
University Malaysia Perlis. MK is a Post Doctorate Fellow at the Institute of
Nano Electronic Engineering University Malaysia Perlis. UH is a Professor and
Director of the Institute of Nano Electronic Engineering University Malaysia
Perlis. AQ is an Assistant Professor at the Center of Excellence in
Nanotechnology and Chemistry Department of King Fahd University of
Petroleum and Minerals, Saudi Arabia.
Acknowledgements
The authors acknowledge the financial support from the Ministry of Higher
Education (MOHE). The authors would also like to thank the technical staff of
the Institute of Nano Electronic Engineering and School of Microelectronic
Engineering, Universiti Malaysia Perlis for their kind support in the smooth
performance of the research.

Figure 5 Spectral responsivity of area-selective deposited ZnO
nanorods between the microgap electrodes.

Author details
1
Nano Biochip Research Group, Institute of Nano Electronic Engineering (INEE),
Universiti Malaysia Perlis (UniMAP), Kangar, Perlis 01000, Malaysia. 2Center of
Excellence in Nanotechnology, King Fahd University of Petroleum and Minerals
Dhahran, Dhahran 31261, Saudi Arabia. 3Department of Chemistry, King Fahd
University of Petroleum and Minerals Dhahran, Dhahran 31261, Saudi Arabia.

Humayun et al. Nanoscale Research Letters 2014, 9:29
http://www.nanoscalereslett.com/content/9/1/29

Received: 9 October 2013 Accepted: 5 January 2014
Published: 15 January 2014

References
1. Yan C, Xue D: Room temperature fabrication of hollow ZnS and ZnO
architectures by a sacrificial template route. J Phys Chem B 2006,
110:7102–7106.
2. Li Y, Gong J, Deng Y: Hierarchical structured ZnO nanorods on ZnO
nanofibers and their photoresponse to UV and visible lights. Sens
Actuator A Phys 2010, 158:176–182.
3. Lupan O, Chow L, Chai G, Chernyak L, Lopatiuk-Tirpak O, Heinrich H:
Focused-ion-beam fabrication of ZnO nanorod-based UV photodetector
using the in-situ lift-out technique. Phys Status Solidi A 2008,
205:2673–2678.
4. Yan C, Liu J, Liu F, Wu J, Gao K, Xue D: Tube formation in nanoscale
materials. Nanoscale Res Lett 2008, 3:473–480.
5. Gabas M, Barrett NT, Ramos-Barrado JR, Gota S, Rojas TC, Lopez-Escalante
MC: Chemical and electronic interface structure of spray pyrolysis deposited
undoped and Al-doped ZnO thin films on a commercial Cz-Si solar cell
substrate. Sol Energy Mater Sol Cell 2009, 93:1356–1365.
6. Panda SK, Jacob C: Preparation of transparent ZnO thin films and their
application in UV sensor devices. Solid State Electron 2012, 73:44–50.
7. Hassan NK, Hashim MR, Allam NK: Low power UV photodetection
characteristics of cross-linked ZnO nanorods/nanotetrapods grown on
silicon chip. Sens Actuator A Phys 2013, 192:124–129.
8. Shinde SS, Rajpure KY: Fabrication and performance of N-doped ZnO UV
photoconductive detector. J Alloy Compd 2012, 522:118–122.
9. Mehrabian M, Azimirad R, Mirabbaszadeh K, Afarideh H, Davoudian M: UV
detecting properties of hydrothermal synthesized ZnO nanorods. Phys E
2011, 43:1141–1145.
10. Chang SP, Chuang RW, Chang SJ, Lu CY, Chiou YZ, Hsieh SF: Surface HCl
treatment in ZnO photoconductive sensors. Thin Solid Films 2009,
517:5050–5053.
11. Jandow NN, Yam FK, Thahab SM, Abu Hassan H, Ibrahim K: Characteristics
of ZnO MSM UV photodetector with Ni contact electrodes on poly
propylene carbonate (PPC) plastic substrate. Curr Appl Phys 2010,
10:1452–1455.
12. Gupta V, Menon R, Sreenivas K: Enhanced ultraviolet photo-response of
nanostructure zinc oxide (ZnO) thin film irradiated with pulsed laser. In
Proceedings of the Conference on Optoelectronic and Microelectronic Materials
and Devices: July 28–Aug 1 2008; Sydney, Australia. Edited by IEEE.
Piscataway: IEEE; 2008:55–88.
13. Zhang CY: The influence of post-growth annealing on optical and
electrical properties of p-type ZnO films. Mat Sci Semicon Proc 2007,
10:215–221.
14. Hassan NK, Hashim MR: Flake-like ZnO nanostructures density for
improved absorption using electrochemical deposition in UV detection.
J Alloy Compd 2013, 577:491–497.
15. Rajabi M, Dariani RS, Iraji Zad A: UV photodetection of laterally connected
ZnO rods grown on porous silicon substrate. Sens Actuator A Phys 2012,
180:11–14.
16. Chai GY, Chow L, Lupan O, Rusu E, Stratan GI, Heinrich H, Ursaki VV,
Tiginyanu IM: Fabrication and characterization of an individual ZnO
microwire-based UV photodetector. Solid State Sci 2011, 13:1205–1210.
17. Abbasi MA, Ibupoto ZH, Khan A, Nur O, Willander M: Fabrication of UV
photo-detector based on coral reef like p-NiO/n-ZnO nanocomposite
structures. Mater Lett 2013, 108:49–152.
18. Chao LC, Ye CC, Chen YP, Yu H-Z: Facile fabrication of ZnO nanowire-based
UV sensors by focused ion beam micromachining and thermal oxidation.
Appl Surf Sci 2013, 282:384–389.
19. Chen KJ, Hung FY, Chang SJ, Young SJ: Optoelectronic characteristics of
UV photodetector based on ZnO nanowire thin films. J Alloy Compd 2009,
479:674–677.
20. Lupan O, Chow L, Chai G: A single ZnO tetrapod-based sensor. Sens
Actuator B Chem 2009, 141:511–517.
21. Panigrahi S, Basak D: Morphology driven ultraviolet photosensitivity in
ZnO–CdS composite. J Colloid Interface Sci 2011, 364:10–17.
22. Xu Z-Q, Deng H, Xie J, Li Y, Zu X-T: Ultraviolet photoconductive detector
based on Al doped ZnO films prepared by sol–gel method. Appl Surf Sci
2006, 253:476–479.

Page 5 of 5

23. Al-Hardan NH, Abdullah MJ, Ahmed NM, Yam FK, Abdul Aziz A: UV
photodetector behavior of 2D ZnO plates prepared by electrochemical
deposition. Superlattices Microstruct 2012, 51:765–771.
24. Harnack O, Pacholski C, Weller H, Yasuda A, Wessels JM: Rectifying behavior
of electrically aligned ZnO nanorods. Nano Lett 2003, 3:1097–1101.
25. Kashif M, Hashim U, Ali ME, Ali SMU, Rusop M, Ibupoto ZH, Willander M:
Effect of different seed solutions on the morphology and electrooptical
properties of ZnO nanorods. J Nanomater 2012, 2012:6.
26. Humayun Q, Kashif M, Hashim U: Area-selective ZnO thin film deposition
on variable microgap electrodes and their impact on UV sensing.
J Nanomater 2013, 2013:5.
27. Humayun Q, Kashif M, Hashim U: ZnO thin film deposition on butterfly
shaped electrodes for ultraviolet sensing applications. Optik 2013,
124:5961–5963.
28. Kashif M, Hashim U, Ali ME, Foo KL, Usman Ali SM: Morphological,
structural, and electrical characterization of sol–gel-synthesized ZnO
nanorods. J Nanomater 2013, 2013:7.
29. Wang RC, Lin HY: Simple fabrication and improved photoresponse of
ZnO–Cu2O core–shell heterojunction nanorod arrays. Sens Actuator B
Chem 2010, 149:94–97.
30. Wang RC, Lin H-Y: ZnO–CuO core–shell nanorods and CuO-nanoparticle–
ZnO-nanorod integrated structures. Appl Phys A 2009, 95:813–818.
31. Zainelabdin A, Zaman S, Amin G, Nur O, Willander M: Optical and current
transport properties of CuO/ZnO nanocoral p–n heterostructure
hydrothermally synthesized at low temperature. Appl Phys A 2012,
108:921–928.
32. Ahsanulhaq Q, Kim J, Lee J, Hahn Y: Electrical and gas sensing properties
of ZnO nanorod arrays directly grown on a four-probe electrode system.
Electrochem Commun 2010, 12:475–478.
33. Ahsanulhaq Q, Kim J-H, Hahn Y-B: Controlled selective growth of ZnO
nanorod arrays and their field emission properties. Nanotechnology 2007,
18:485307.
34. Mamat MH, Che Khalin MI, Nik Mohammad NNH, Khusaimi Z, Md Sin ND,
Shariffudin SS, Mohamed Zahidi M, Mahmood MR: Effects of annealing
environments on the solution-grown, aligned aluminium-doped zinc
oxide nanorod-array-based ultraviolet photoconductive sensor.
J Nanomater 2012, 2012:15.
35. Hullavarad SS, Hullavarad NV, Karulkar PC, Luykx A, Valdivia P: Ultra violet
sensors based on nanostructured ZnO spheres in network of nanowires:
a novel approach. Nanoscale Res Lett 2007, 2:161–167.
36. Mamat MH, Khusaimi Z, Musa MZ, Malek MF, Rusop M: Fabrication of
ultraviolet photoconductive sensor using a novel aluminium-doped
zinc oxide nanorod–nanoflake network thin film prepared via
ultrasonic-assisted sol–gel and immersion methods. Sens Actuator A
Phys 2011, 171:241–247.
37. Chang SJ, Lin TK, Su YK, Chiou YZ, Wang CK, Chang SP, Chang CM, Tang JJ,
Huang BR: Homoepitaxial ZnSe MSM photodetectors with various
transparent electrodes. Mater Sci Eng B Adv 2006, 127:164–168.
38. Jin Y, Wang J, Sun B, Blakesley JC, Greenham NC: Solution-processed
ultraviolet photodetectors based on colloidal ZnO nanoparticles. Nano
Lett 2008, 8:1649–1653.
39. Jiang D, Zhang J, Lu Y, Liu K, Zhao D, Zhang Z, Shen D, Fan X: Ultraviolet
Schottky detector based on epitaxial ZnO thin film. Solid State Electron
2008, 52:679–682.
40. Sun J, Dai Q, Liu F, Huang H, Li Z, Zhang X, Wang Y: The ultraviolet
photoconductive detector based on Al-doped ZnO thin film with fast
response. Sci China Phys Mech Astron 2011, 54:102–105.
41. Guo L, Zhang H, Zhao D, Li B, Zhang Z, Jiang M, Shen D: High responsivity
ZnO nanowires based UV detector fabricated by the dielectrophoresis
method. Sens Actuator B Chem 2012, 166–167:12–16.
42. Luo L, Zhang YF, Mao SS, Lin LW: Fabrication and characterization of ZnO
nanowires based UV photodiodes. Sens Actuators A 2006, 127:201–206.
43. Weng WY, Chang SJ, Hsu CL, Hsueh TJ, Changa SP: A lateral ZnO nanowire
photodetector prepared on glass substrate. J Electrochem Soc 2010,
157:30–33.
doi:10.1186/1556-276X-9-29
Cite this article as: Humayun et al.: Selective growth of ZnO nanorods
on microgap electrodes and their applications in UV sensors. Nanoscale
Research Letters 2014 9:29.

