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Abstract 

Monitoring volatile organic compounds (VOCs) in harsh environments, especially 

for safety applications, is a growing field that requires specialized sensor structures. In this 

work, we demonstrate the sensing properties toward the most common VOCs of columnar 

Al2O3/ZnO heterolayer-based sensors. We have also developed an approach to tune the 

sensor selectivity by changing the thickness of the exposed amorphous Al2O3 layer from 5 

to 18 nm. Columnar ZnO films are prepared by a chemical solution method, where the 

exposed surface is decorated with an Al2O3 nanolayer via thermal atomic layer deposition 

at 75 °C. We have investigated the structure and morphology as well as the vibrational, 

chemical, electronic, and sensor properties of the Al2O3/ZnO heterostructures. 

Transmission electron microscopy (TEM) studies show that the upper layers consist of 

amorphous Al2O3 films. The heterostructures showed selectivity to 2-propanol vapors only 

within the range of 12–15 nm thicknesses of Al2O3, with the highest response value of 

∼2000% reported for a thickness of 15 nm at the optimal working temperature of 350 °C. 

Density functional theory (DFT) calculations of the Al2O3/ZnO(1010) interface and its 

interaction with 2-propanol (2-C3H7OH), n-butanol (n-C4H9OH), ethanol (C2H5OH), 

acetone (CH3COCH3), hydrogen (H2), and ammonia (NH3) show that the molecular affinity 

for the Al2O3/ZnO(1010) interface decreases from 2-propanol (2-C3H7OH) ≈ n-butanol (n-
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C4H9OH) > ethanol (C2H5OH) > acetone (CH3COCH3) > hydrogen (H2), which is 

consistent with our gas response experiments for the VOCs. Charge transfers between the 

surface and the adsorbates, and local densities of states of the interacting atoms, support 

the calculated strength of the molecular preferences. Our findings are highly important for 

the development of 2-propanol sensors and to our understanding of the effect of the 

heterojunction and the thickness of the top nanolayer on the gas response, which thus far 

have not been reported in the literature. 

Keywords: zinc oxide, aluminium oxide, heterojunctions, volatile organic 

compounds, semiconducting metal oxides, gas sensors, gas response 

References 

1. Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. Handbook of X-Ray Photoelectron 

Spectroscopy; Perkin-Elmer Corporation: Eden Prairie, MN, 1992. Google Sch. There is no Corresp. Rec. 

this Ref. 1992, 52–53.  

2. Naumkin, A. V; Kraust-Vass, A.; Gaarenstroom, S. W.; Powell, C. J. NIST X-ray Photoelectron 

Spectroscopy Database, National Institute of Standards and Technology. https://doi.org/10.18434/T4T88K.  

3. Acharyya, S.; Manna, B.; Nag, S.; Guha, P. K. WO3 Nanoplates Based Chemiresistive Sensor 

Device for Selective Detection of 2-Propanol. In 2019 IEEE SENSORS; IEEE, 2019; pp 1–4. 

https://doi.org/10.1109/SENSORS43011.2019.8956578.  

4. Acharyya, D.; Bhattacharyya, P. Alcohol Sensing Performance of ZnO Hexagonal Nanotubes at Low 

Temperatures: A Qualitative Understanding. Sensors Actuators B Chem. 2016, 228, 373–386. 

https://doi.org/10.1016/j.snb.2016.01.035.  

5. Ghosh, A.; Maity, A.; Banerjee, R.; Majumder, S. B. Volatile Organic Compound Sensing Using 

Copper Oxide Thin Films: Addressing the Cross Sensitivity Issue. J. Alloys Compd. 2017, 692, 108–118. 

https://doi.org/https://doi.org/10.1016/j.jallcom.2016.09.001.  

6. Hazra, A.; Dutta, K.; Bhowmik, B.; Chattopadhyay, P. P.; Bhattacharyya, P. Room Temperature 

Alcohol Sensing by Oxygen Vacancy Controlled TiO2 Nanotube Array. Appl. Phys. Lett. 2014, 105 (8), 

081604. https://doi.org/10.1063/1.4894008.  

7. Şennik, E.; Alev, O.; Öztürk, Z. Z. The Effect of Pd on the H2 and VOC Sensing Properties of TiO2 

Nanorods. Sensors Actuators B Chem. 2016, 229, 692–700. 

https://doi.org/https://doi.org/10.1016/j.snb.2016.01.089.  

8. Marichy, C.; Pinna, N. Atomic Layer Deposition to Materials for Gas Sensing Applications. Adv. 

Mater. Interfaces 2016, 3 (21), 1600335. https://doi.org/10.1002/admi.201600335.  

9. Zappa, D.; Galstyan, V.; Kaur, N.; Munasinghe Arachchige, H. M. M.; Sisman, O.; Comini, E. 

“Metal Oxide -Based Heterostructures for Gas Sensors”- A Review. Anal. Chim. Acta 2018, 1039, 1–23. 

https://doi.org/10.1016/j.aca.2018.09.020.  

10. Bhowmik, B.; Dutta, K.; Hazra, A.; Bhattacharyya, P. Low Temperature Acetone Detection by P-

Type Nano-Titania Thin Film: Equivalent Circuit Model and Sensing Mechanism. Solid. State. Electron. 

2014, 99, 84–92.  

https://doi.org/10.18434/T4T88K
https://doi.org/10.1109/SENSORS43011.2019.8956578
https://doi.org/10.1016/j.snb.2016.01.035
https://doi.org/https:/doi.org/10.1016/j.jallcom.2016.09.001
https://doi.org/10.1063/1.4894008
https://doi.org/https:/doi.org/10.1016/j.snb.2016.01.089
https://doi.org/10.1002/admi.201600335
https://doi.org/10.1016/j.aca.2018.09.020


 
ACS Applied Materials & Interfaces 2022, Vol.14, Iss. 25, pag. 29331–229344 

 
11. Zhang, J.; Qin, Z.; Zeng, D.; Xie, C. Metal-Oxide-Semiconductor Based Gas Sensors: Screening, 

Preparation, and Integration. Phys. Chem. Chem. Phys. 2017, 19 (9), 6313–6329. 

https://doi.org/10.1039/C6CP07799D.  

12. Mathew, M.; Shinde, P. V; Samal, R.; Rout, C. S. A Review on Mechanisms and Recent 

Developments in P-n Heterojunctions of 2D Materials for Gas Sensing Applications. J. Mater. Sci. 2021, 

56 (16), 9575–9604. https://doi.org/10.1007/s10853-021-05884-4.  

13. Ernst, M.; Walter, D.; Fell, A.; Lim, B.; Weber, K. Efficiency Potential of P-Type Al2O3/SiNx 

Passivated PERC Solar Cells With Locally Laser-Doped Rear Contacts. IEEE J. Photovoltaics 2016, 6 (3), 

624–631. https://doi.org/10.1109/JPHOTOV.2016.2535353. S-18. 

14. Levin, I.; Brandon, D. Metastable Alumina Polymorphs: Crystal Structures and Transition 

Sequences. J. Am. Ceram. Soc. 2005, 81 (8), 1995–2012. https://doi.org/10.1111/j.1151-

2916.1998.tb02581.x.  

15. Zou, Y.; Xi, S.; Bo, T.; Zhou, X.; Ma, J.; Yang, X.; Diao, C.; Deng, Y. Mesoporous Amorphous 

Al2O3 /Crystalline WO3 Heterophase Hybrids for Electrocatalysis and Gas Sensing Applications. J. 

Mater. Chem. A 2019, 7 (38), 21874–21883. https://doi.org/10.1039/C9TA08633A. 

16. Zhu, Y.; Zhao, Y.; Ma, J.; Cheng, X.; Xie, J.; Xu, P.; Liu, H.; Liu, H.; Zhang, H.; Wu, M.; 

Elzatahry, A. A.; Alghamdi, A.; Deng, Y.; Zhao, D. Mesoporous Tungsten Oxides with Crystalline 

Framework for Highly Sensitive and Selective Detection of Foodborne Pathogens. J. Am. Chem. Soc. 

2017, 139 (30), 10365–10373. https://doi.org/10.1021/jacs.7b04221. 

17. Raza, M. H.; Kaur, N.; Comini, E.; Pinna, N. SnO2 ‐SiO2 1D Core‐Shell Nanowires 

Heterostructures for Selective Hydrogen Sensing. Adv. Mater. Interfaces 2021, 8 (17), 2100939. 

https://doi.org/10.1002/admi.202100939. 

18. Patil, D. R.; Patil, L. A.; Amalnerkar, D. P. Ethanol Gas Sensing Properties of Al2O3-Doped 

ZnO Thick Film Resistors. Bull. Mater. Sci. 2007, 30 (6), 553–559. https://doi.org/10.1007/s12034-

007-0086-6. 

19. Kwon, C. H.; Hong, H.-K.; Yun, D. H.; Lee, K.; Kim, S.-T.; Roh, Y.-H.; Lee, B.-H. Thick-Film 

Zinc-Oxide Gas Sensor for the Control of Lean Air-to-Fuel Ratio in Domestic Combustion Systems. 

Sensors Actuators B Chem. 1995, 25 (1–3), 610–613. https://doi.org/10.1016/0925-4005(95)85134-8. 

20. Mishra, Y. K.; Modi, G.; Cretu, V.; Postica, V.; Lupan, O.; Reimer, T.; Paulowicz, I.; Hrkac, V.; 

Benecke, W.; Kienle, L.; Adelung, R. Direct Growth of Freestanding ZnO Tetrapod Networks for 

Multifunctional Applications in Photocatalysis, UV Photodetection, and Gas Sensing. ACS Appl. 

Mater. Interfaces 2015, 7 (26), 14303–14316. https://doi.org/10.1021/acsami.5b02816. 

21. Luo, Y.; Ly, A.; Lahem, D.; Zhang, C.; Debliquy, M. A Novel Low-Concentration Isopropanol 

Gas Sensor Based on Fe-Doped ZnO Nanoneedles and Its Gas Sensing Mechanism. J. Mater. Sci. 

2021, 56 (4), 3230–3245. https://doi.org/10.1007/s10853-020-05453-1. 

22. Hoppe, M.; Lupan, O.; Postica, V.; Wolff, N.; Duppel, V.; Kienle, L.; Tiginyanu, I.; Adelung, R. 

ZnAl2O4 -Functionalized Zinc Oxide Microstructures for Highly Selective Hydrogen Gas Sensing 

Applications. Phys. status solidi 2018, 215 (7), 1700772. https://doi.org/10.1002/pssa.201700772. 

23. Lupan, O.; Postica, V.; Adelung, R.; Labat, F.; Ciofini, I.; Schürmann, U.; Kienle, L.; Chow, L.; 

Viana, B.; Pauporté, T. Functionalized Pd/ZnO Nanowires for Nanosensors. Phys. status solidi - Rapid 

Res. Lett. 2018, 12 (1), 1700321. https://doi.org/10.1002/pssr.201700321. 

24. Lupan, C.; Khaledialidusti, R.; Mishra, A. K.; Postica, V.; Terasa, M. I.; Magariu, N.; Pauporté, T.; 
Viana, B.; Drewes, J.; Vahl, A.; Faupel, F.; Adelung, R. Pd-Functionalized ZnO:Eu Columnar Films for 

https://doi.org/10.1039/C6CP07799D
https://doi.org/10.1007/s10853-021-05884-4
https://doi.org/10.1109/JPHOTOV.2016.2535353.%20S-18
https://doi.org/10.1111/j.1151-2916.1998.tb02581.x
https://doi.org/10.1111/j.1151-2916.1998.tb02581.x
https://doi.org/10.1039/C9TA08633A
https://doi.org/10.1021/jacs.7b04221
https://doi.org/10.1002/admi.202100939
https://doi.org/10.1007/s12034-007-0086-6
https://doi.org/10.1007/s12034-007-0086-6
https://doi.org/10.1016/0925-4005(95)85134-8
https://doi.org/10.1021/acsami.5b02816
https://doi.org/10.1007/s10853-020-05453-1
https://doi.org/10.1002/pssa.201700772
https://doi.org/10.1002/pssr.201700321


 
ACS Applied Materials & Interfaces 2022, Vol.14, Iss. 25, pag. 29331–229344 

 
Room-Temperature Hydrogen Gas Sensing: A Combined Experimental and Computational Approach. 
ACS Appl. Mater. Interfaces 2020, 12 (22), 24951–24964. https://doi.org/10.1021/acsami.0c02103. 

25. Lupan, O.; Magariu, N.; Khaledialidusti, R.; Mishra, A. K.; Hansen, S.; Krüger, H.; Postica, V.; 

Heinrich, H.; Viana, B.; Ono, L. K.; Cuenya, B. R.; Chow, L.; Adelung, R.; Pauporté, T. Comparison 

of Thermal Annealing versus Hydrothermal Treatment Effects on the Detection Performances of ZnO 

Nanowires. ACS Appl. Mater. Interfaces 2021, 13 (8), 10537–10552. 

https://doi.org/10.1021/acsami.0c19170. 

26. Kamble, A. S.; Sinha, B. B.; Chung, K.; Gil, M. G.; Burungale, V.; Park, C.-J.; Kim, J. H.; Patil, 

P. S. Effect of Hydroxide Anion Generating Agents on Growth and Properties of ZnO Nanorod 

Arrays. Electrochim. Acta 2014, 149, 386–393. https://doi.org/10.1016/j.electacta.2014.10.049. 

27. Adegoke, K. A.; Iqbal, M.; Louis, H.; Jan, S. U.; Anam, M.; Bello, O. S. Photocatalytic 

Conversion of CO2 Using ZnO Semiconductor by Hydrothermal Method. Pakistan J. Anal. Environ. 

Chem. 2018, 19 (1), 1–27. https://doi.org/10.21743/pjaec/2018.06.01. 

28. Hancock, J. M.; Rankin, W. M.; Woolsey, B.; Turley, R. S.; Harrison, R. G. Controlled 

Formation of ZnO Hexagonal Prisms Using Ethanolamines and Water. J. Sol-Gel Sci. Technol. 2017, 

84 (1), 214–221. https://doi.org/10.1007/s10971-017-4486-9. 

29. Kohlmann, N.; Hansen, L.; Lupan, C.; Schürmann, U.; Reimers, A.; Schütt, F.; Adelung, R.; 

Kersten, H.; Kienle, L. Fabrication of ZnO Nanobrushes by H2–C2H2 Plasma Etching for H2 Sensing 

Applications. ACS Appl. Mater. Interfaces 2021, 13 (51), 61758–61769. 

https://doi.org/10.1021/acsami.1c18679. 

30. Patolsky, F.; Timko, B. P.; Zheng, G.; Lieber, C. M. Nanowire-Based Nanoelectronic Devices in 

the Life Sciences. MRS Bull. 2007, 32 (2), 142–149. https://doi.org/10.1557/mrs2007.47. 

31. Pan, Z. W.; Dai, Z. R.; Wang, Z. L. Nanobelts of Semiconducting Oxides. Science (80-. ). 2001, 

291 (5510), 1947–1949. https://doi.org/10.1126/science.1058120. 

32. Prades, J. D.; Cirera, A.; Morante, J. R. Ab Initio Calculations of NO2 and SO2 Chemisorption 

onto Non-Polar ZnO Surfaces. Sensors Actuators B Chem. 2009, 142 (1), 179–184. 

https://doi.org/10.1016/j.snb.2009.08.017. 

33. Chen, D.; Zhang, X.; Tang, J.; Cui, H.; Pi, S.; Cui, Z. Adsorption of SF6 Decomposed Products 

over ZnO(101̅0): Effects of O and Zn Vacancies. ACS Omega 2018, 3 (12), 18739–18752. 

https://doi.org/10.1021/acsomega.8b02933. 
 

https://doi.org/10.1021/acsami.0c02103
https://doi.org/10.1021/acsami.0c19170
https://doi.org/10.1016/j.electacta.2014.10.049
https://doi.org/10.21743/pjaec/2018.06.01
https://doi.org/10.1007/s10971-017-4486-9
https://doi.org/10.1021/acsami.1c18679
https://doi.org/10.1557/mrs2007.47
https://doi.org/10.1126/science.1058120
https://doi.org/10.1016/j.snb.2009.08.017
https://doi.org/10.1021/acsomega.8b02933

