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ABSTRACT: Among different approaches for additive manufacturing of electronic devices, inkjet 
printing is a potential method because it is capable of fabricating multi-material devices with good 
resolution. Meanwhile, zinc oxide (ZnO) is a wide-bandgap semiconductor, and it is an interesting 
material for electronic, optoelectronic and gas sensing devices. Hence, inkjet printing of ZnO is an 
attractive approach for additive manufacturing of functional devices. Band bending, caused by the 
exchanging of electrons at the surface of the semiconductor, has a significant effect on the 
performance of semiconductor devices in general and ZnO-based devices in particular. In this 
work, we present the modification of band bending of inkjet-printed ZnO thin film using thermal 
annealing. The results show a potential approach to improve the performance of the printed 
electronic device. 
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INTRODUCTION 
 
The demand for prototyping for short lifetime product has made additive manufacturing becomes a 
promising alternative approach to fabricate electronic devices (Macdonald et al., 2014). Printed 
components include passive component such as conductive wire (Macdonald et al., 2014), resistor 
(Ali, Bae, & Lee, 2015), capacitor(Y. Li, Torah, Beeby, & Tudor, 2012), inductor (Wong & Weng, 
2013), sensor (B. Li et al., 2007), and active components such as LED (Haverinen, Myllylä, & 
Jabbour, 2010) transistor (Tseng & Subramanian, 2011). The advantages of these printing 
processes are low-cost, rapid fabrication, making complex structures and enhance performance 
(Hoerber et al., 2014; Macdonald et al., 2014). Zinc oxide (ZnO) is a metal oxide compound and a 
wide bandgap semiconductor (3.37 eV). It is an important material for electronic, optoelectronic 
and gas sensing applications. Hence, there have been many studies on the additive manufacturing 
of ZnO to take advantages of both the printing process and the material to build better devices. 
Among many additive manufacturing processes, inkjet printing is usually preferred for electronic 
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device fabrication because it is low-cost, good resolution, compatible with many substrates and 
suitable for many materials. 
 
Printed ZnO from sol-gel method results in nanocrystalline film constructed of grains with small 
size in the range of 10 nm. The surface of ZnO is very sensitive to absorbed species which can 
change its electronic properties by band bending (Soci et al., 2007). Band bending in 
semiconductor interfaces happens when there is electron exchanging between the interface of 
semiconductor which shifts the equilibrium of electron density and makes a change of energy band 
edges. In natively n-type semiconductor such as ZnO, the interaction with air induce oxygen 
species to be absorbed onto ZnO surface by receiving a free electron from the semiconductor. The 
lack of electron near the surface of semiconductor forms a depletion layer, and there is an upward 
bending of the band near the surface due to the charge-induced electric field (Zhang & Yates, 
2012). In this report, the role of band bending on electrical and optoelectrical of inkjet-printed ZnO 
thin film was discussed. Furthermore, heat treatment is proved to effectively modify band bending 
and result in the change in properties of the printed film. 
 
EXPERIMENTAL SECTION 
 
Printing experiment was conducted following our reported process (Tran, Wei, Yang, Zhan, & Du, 
2017): zinc acetate dihydrate (0.05M) was dissolved in ethanol by magnetic stirring until a 
transparent solution was obtained. The solution was then filtered before loading into the cartridge 
of the inkjet printer (Dimatix 2831, Fujifilm). Ten layers of ink were printed over silver electrode 
on Si/SiO2 substrate to prepare the device. Another batch of the sample was printed on glass/ITO 
substrate for electrochemical characterization. After printing, all samples were undergone a pre-
heat treatment process at 200°C in 10 minutes. Finally, further annealing was made to some 
samples to induce the changing in band bending at different temperatures such as 250°C, 300°C 
and 350°C. 
The electronic measurement was conducted with device printed on Si/SiO2 substrate (with 
electrodes) in dark and UV illumination at 365 nm using source metering unit (SMU). 
Electrochemical characterization was conducted with film printed on glass/ITO substrate using a 
potentiostat. 
 
RESULTS AND DISCUSSION 
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CONCLUSION 
 
In this report, we present the investigation of annealing effect to electrical and optoelectrical of 
inkjet printed ZnO thin film which shows the increase of both dark current and photocurrent when 
rising annealing temperature. We focus on quantify band bending via flat band potential value to 
explain the effect. The results show there is a reducing of band bending in the annealed films 
which well explains for the change in device performance. This approach could provide a better 
understanding of enhancing the performance of printed nanomaterial electronic. 
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