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Abstract. Ultraviolet detectors are vital in key technologies for a lot of biomedical
applications. In this study, a device based on 3-D printed Al2O3/ZnO heterostruc-
ture shows UV sensing performance. Al2O3/ZnO heterostructures were obtained
by firstly synthesizing ZnO by flame transport synthesis and 3-D printing, then
adding top layers of Al2O3 using Atomic Layer Deposition (ALD)method. In this
study of Al2O3/ZnO heterostructure, the sensor performs dual function and acts
like a 2 in 1 sensor as it elucidates UV sensing performance and its current vari-
ation has also been analyzed with respect to temperature i.e., temperature sensor.
ZnO microparticles are 3-D printed on glass substrate to make sensor circuitry.
This study exhibits Al2O3/ZnO heterostructure’s UV detection performance at
four different wavelengths of 400 nm, 394 nm, 385 nm, and 370 nm in the UV-A
region of UV spectrum. This study covers analysis of Al2O3/ZnO heterostructure
at four different wavelengths of UV-A region at four different temperatures start-
ing from 25 °C to 100 °C with the interval of 25 °C. This type of studied sensors
with state-of-art technology can be used in wearable devices for continuous mon-
itoring of penetrating UV radiations. The UV detection mechanism is explained
in detail.
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1 Introduction

3-D printing of oxide-based devices is an innovative technique for various applications,
including biomedical field [1], space engineering [2], chemical industry [3], architec-
ture [4], etc. This technique is very flexible for creating intricate structures with extreme
precision and nanometer scale resolution [5]. 3-D printing also known as additive manu-
facturing technique uses CAD (computer aided design) like tools to produce continuous
layers of pre-designed structures using a nozzle that controls the feature size of the
structure to be produced. Strong control over the inks rheological behavior as well as
printing parameters (extrusion temperature, extrusion pressure, printing speed).
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UV response ~ 138 which is ~ 13 times of UV response at 25 °C for 370 nm UV illumi-
nation. Electrical current modulation with respect to temperature variation shows good
applicability of this heterostructure based sensor as a temperature sensor too. Overall,
3-D printed Al2O3/ZnO heterostructures with 12 nm alumina thickness which corre-
sponds to the Debye length of n-type ZnO exhibits efficient heterojunction effect which
leads to the excellent UV sensing performance and also acts like a temperature sensor.
Thus, 3-D printed Al2O3/ZnO heterostructures based sensors act like a 2-in-1 sensor.
In future, for selectivity exploration further evaluation of UV detection for wavelengths
less than 370 nm is required.

Acknowledgments. Financial support by the EU-project SENNET “Porous Networks for Gas
Sensing”, which runs under the Marie Skłodowska-Curie Actions funded by the European Union,
under the number 101072845.

References

1. Bozkurt, Y., Karayel, E.: 3D printing technology; methods, biomedical applications, future
opportunities and trends. J. Mater. Res. Technol. 14, 1430–1450 (2021). https://doi.org/10.
1016/j.jmrt.2021.07.050

2. Sacco, E., Moon, S.K.: Additive manufacturing for space: status and promises. Int. J. Adv.
Manuf. Technol. 105(10), 4123–4146 (2019). https://doi.org/10.1007/s00170-019-03786-z

3. Zentel, K.M., Fassbender, M., Pauer, W., Luinstra, G.A.: Chapter Four - 3D printing as
chemical reaction engineering booster. In:Moscatelli, D. and Sponchioni,M. (eds.) Advances
in Polymer Reaction Engineering. pp. 97–137. Academic Press (2020)

4. Beyhan, F., Arslan Selçuk, S.: 3D printing in architecture: one step closer to a sustainable
built environment. In: Firat, S., Kinuthia, J., and Abu-Tair, A. (eds.) Proceedings of 3rd Inter-
national Sustainable Buildings Symposium (ISBS 2017). pp. 253–268. Springer International
Publishing, Cham (2018)

5. Muldoon, K., Song, Y., Ahmad, Z., Chen, X., Chang, M.-W.: High precision 3D printing
for micro to nano scale biomedical and electronic devices. Micromachines. 13, 642 (2022).
https://doi.org/10.3390/mi13040642

6. Ohtomo, A., et al.: Room temperature ultraviolet laser emission from ZnO nanocrystal thin
films grown by laser MBE. Mater. Sci. Eng. B 54, 24–28 (1998). https://doi.org/10.1016/
S0921-5107(98)00120-2

7. Gruber, T., Kirchner, C., Kling, R., Reuss, F., Waag, A.: ZnMgO epilayers and ZnO–ZnMgO
quantumwells for optoelectronic applications in the blue and UV spectral region. Appl. Phys.
Lett. 84, 5359–5361 (2004). https://doi.org/10.1063/1.1767273

8. Yan, G., et al.: Significantly enhancing response speed of self-powered Cu2ZnSn(S, Se)4
thin film photodetectors by atomic layer deposition of simultaneous electron blocking and
electrode protective Al2O3 layers. ACS Appl. Mater. Interf. 11, 32097–32107 (2019). https://
doi.org/10.1021/acsami.9b08405

9. Matthew,U., et al.: UltraViolet (UV) light irradiation device for hospital disinfection: hospital
acquired infections control. Int. J. Inform. Commun. Technol. Human Develop. 14, 1–24
(2022). https://doi.org/10.4018/IJICTHD.313978

10. Kojima, K., Shido, K., Tamiya, G., Yamasaki, K., Kinoshita, K., Aiba, S.: Facial UV photo
imaging for skin pigmentation assessment using conditional generative adversarial networks.
Sci. Rep. 11, 1213 (2021). https://doi.org/10.1038/s41598-020-79995-4



Study on Al2O3/ZnO Heterostructure Based UV Detection 187

11. Yam, J.C.S., Kwok, A.K.H.: Ultraviolet light and ocular diseases. Int. Ophthalmol. 34, 383–
400 (2014). https://doi.org/10.1007/s10792-013-9791-x

12. Starikov, D., Boney, C., Pillai, R., Bensaoula, A.: Dual-band UV/IR optical sensors for fire
and flame detection and target recognition. In: ISA/IEEE Sensors for Industry Conference,
2004. Proceedings the. pp. 36–40 (2004)

13. Liu, S., Zhang, X., Gu, X., Ming, D.: Photodetectors based on two dimensional materials for
biomedical application. Biosens. Bioelectron. 143, 111617 (2019). https://doi.org/10.1016/j.
bios.2019.111617

14. Kholupenko, E.E., Bykov, A.M., Aharonyan, F.A., Vasiliev, G.I.: Detection of UV radiation
from extensive air showers: prospects for cherenkov gamma-ray astronomy. Techn. Phys. 63,
1655–1666 (2018). https://doi.org/10.1134/S1063784218110154

15. Goswami, L., et al.: Graphene quantum dot-sensitized ZnO-nanorod/GaN-nanotower
heterostructure-based high-performance UV photodetectors. ACS Appl. Mater. Interfaces
12, 47038–47047 (2020). https://doi.org/10.1021/acsami.0c14246

16. Lupan, O., et al.: Heterostructure-based devices with enhanced humidity stability for H2 gas
sensing applications in breath tests and portable batteries. Sens. Actuat. A Phys. 329, 112804
(2021). https://doi.org/10.1016/j.sna.2021.112804

17. Zhang, J., et al.: Nano tree-like branched structure with α-Ga2O3 covered by γ-Al2O3 for
highly efficient detection of solar-blind ultraviolet light using self-powered photoelectro-
chemical method. Appl. Surf. Sci. 541, 148380 (2021). https://doi.org/10.1016/j.apsusc.2020.
148380

18. Liu, Y., et al.: Ultraviolet detectors based on epitaxial ZnO films grown by MOCVD. J.
Electron. Mater. 29, 69–74 (2000). https://doi.org/10.1007/s11664-000-0097-1

19. Lupan, O., et al.: Al2O3/ZnO heterostructure-based sensors for volatile organic compounds
in safety applications. ACS Appl. Mater. Interf. 14, 29331–29344 (2022). https://doi.org/10.
1021/acsami.2c03704

20. Chakraborty, B., et al.: MOF-Coated 3D-Printed ZnO tetrapods as a two-in-one sensor for H2
sensing and UV detection. In: Sontea, V., Tiginyanu, I., Railean, S. (eds.) 6th International
Conference on Nanotechnologies and Biomedical Engineering, pp. 70–79. Springer Nature
Switzerland, Cham (2024)

21. Lupan, O., Shishiyanu, S., Chow, L., Shishiyanu, T.: Nanostructured zinc oxide gas sensors
by successive ionic layer adsorption and reaction method and rapid photothermal processing.
Thin Solid Films 516, 3338–3345 (2008). https://doi.org/10.1016/j.tsf.2007.10.104

22. Lupan, O., et al.: Nanostructured zinc oxide films synthesized by successive chemical solution
deposition for gas sensor applications. Mater. Res. Bull. 44, 63–69 (2009). https://doi.org/10.
1016/j.materresbull.2008.04.006

23. Siebert, L., et al.: Facile fabrication of semiconducting oxide nanostructures by direct ink
writing of readily available metal microparticles and their application as low power acetone
gas sensors. Nano Energy. 70, 104420 (2020). https://doi.org/10.1016/j.nanoen.2019.104420

24. Mahapatra, A., Anilkumar, V., Chavan, R.D., Yadav, P., Prochowicz, D.: Understanding
the origin of light intensity and temperature dependence of photodetection properties in
a MAPbBr3 single-crystal-based photoconductor. ACS Photonics 10, 1424–1433 (2023).
https://doi.org/10.1021/acsphotonics.3c00033

25. Yang, L., et al.: Temperature-dependent photodetection behavior of AlGaN/GaN-based ultra-
violet phototransistors. Appl. Phys. Lett. 120, 91103 (2022). https://doi.org/10.1063/5.008
3171

26. Murphy, T.E., Moazzami, K., Phillips, J.D.: Trap-related photoconductivity in ZnO epilayers.
Appl. Phys. Lett. 35, 543–549 (2006)

27. Mirzaei, A., Kim, J.-H., Kim, S.: How shell thickness can affect the gas sensing properties
of nanostructured materials: Survey of literature. Sens. Actuat. B Chem.. 258, 270 (2017).
https://doi.org/10.1016/j.snb.2017.11.066

https://doi.org/10.1007/s10792-013-9791-x
https://doi.org/10.1016/j.bios.2019.111617
https://doi.org/10.1134/S1063784218110154
https://doi.org/10.1021/acsami.0c14246
https://doi.org/10.1016/j.sna.2021.112804
https://doi.org/10.1016/j.apsusc.2020.148380
https://doi.org/10.1007/s11664-000-0097-1
https://doi.org/10.1021/acsami.2c03704
https://doi.org/10.1016/j.tsf.2007.10.104
https://doi.org/10.1016/j.materresbull.2008.04.006
https://doi.org/10.1016/j.nanoen.2019.104420
https://doi.org/10.1021/acsphotonics.3c00033
https://doi.org/10.1063/5.0083171
https://doi.org/10.1016/j.snb.2017.11.066


188 R. Nagpal et al.

28. Lee, J.-H., Kim, J.-H., Kim, S.: CuO–TiO2 p–n core–shell nanowires: Sensing mechanism
and p/n sensing-type transition. Appl. Surf. Sci. 448, 489 (2018). https://doi.org/10.1016/j.
apsusc.2018.04.115

29. Kim, J.-H., Katoch, A., Kim, S.S.: Optimum shell thickness and underlying sensing mecha-
nism in p–n CuO–ZnO core–shell nanowires. Sens. Actuators, B Chem. 222, 249–256 (2016).
https://doi.org/10.1016/j.snb.2015.08.062

30. Lupan, O., Koussi-Daoud, S., Viana, B., Pauporté, T.: Oxide planar p–n heterojunction pre-
pared by low temperature solution growth for UV-photodetector applications. RSC Adv. 6,
68254–68260 (2016). https://doi.org/10.1039/C6RA13763F

31. Sultana, S.R.: Behaviour of electrical conductivity in CsI–Al2O3 and CsI–TiO2 systems.
Arab. J. Chem. 9, S170–S176 (2016). https://doi.org/10.1016/j.arabjc.2011.02.025

https://doi.org/10.1016/j.apsusc.2018.04.115
https://doi.org/10.1016/j.snb.2015.08.062
https://doi.org/10.1039/C6RA13763F
https://doi.org/10.1016/j.arabjc.2011.02.025

