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No gas sensor based on ZnGa2o4 
epilayer grown by metalorganic 
chemical vapor deposition
Min-Ru Wu1, Wei-Zhong Li1, Chun-Yi tung1, Chiung-Yi Huang1, Yi-Hung Chiang2, po-Liang Liu2 
& Ray-Hua Horng  1,3

A gas sensor based on a ZnGa2o4(ZGO) thin film grown by metalorganic chemical vapor deposition 
operated under the different temperature from 25 °C to 300 °C is investigated in this study. This sensor 
shows great sensing properties at 300 °C. The sensitivity of this sensor is 22.21 as exposed to 6.25 ppm 
of NO and its response time is 57 s. Besides that, the sensitivities are 1.18, 1.27, 1.06, and 1.00 when 
exposed to NO2(500 ppb), SO2 (125 ppm), CO (125 ppm), and CO2 (1500 ppm), respectively. These results 
imply that the ZGO gas sensor not only has high sensitivity, but also has great selectivity for NO gas. 
Moreover, the obtained results suggest that ZGO sensors are suitable for the internet of things(IOT) 
applications.

Recently, gas sensors have been developed and applied in environmental monitoring, human security, medical 
applications, and automobiles applications1–4. Among those different target gases monitoring, the detection of 
nitric oxide (NO) has attracted considerable interest. NO is an extremely toxic oxidizing gas with a pungent odor. 
It is always released by the action of nitric acid on metals, such as in metal etching and pickling. Besides, it plays 
an important role in a human biological process such as cardiovascular, immune systems5–7. Moreover, NO also 
affects neuron operation, which causes neurodegenerative diseases8. Therefore, it is very important to develop 
NO gas sensors.

There are various types of gas sensor including electrochemical9–11, optical12,13 and semiconductor gas sen-
sors14–17. Semiconductor gas sensors have great potential for commercial application in environmental monitor-
ing and healthcare due to the properties low cost, low power consumption, long lifetime, and the ability to operate 
in harsh environments.

It is well known that metal oxide semiconductors, e.g. SnO2 and ZnO, have been extensively studied for gas 
sensors applications. The corresponding sensing mechanism is resulted from the oxygen vacancy, metal vacancy 
and the other defects existing in the thin film18–21. Most of the metal oxide semiconductors were deposited by 
sputtering and sol-gel methods. It results that the crystal structure of thin films was amorphous or polycrystal. 
These suggest the defects in the thin film were not easily controlled and repeated. Although the polycrystal metal 
oxide semiconductors showed good sensitivity to many gases, the main issues are the poor selectivity and long 
response time. Recently, the wide bandgap oxide materials are attracting more attention for their use in novel 
devices owing to their thermally and chemically inert properties. Owing to such material properties, ZnGa2O4 
(ZGO) has been demonstrated and presents very promising applications from the viewpoint of device fabrica-
tion22–24. ZGO is a transparent and conductive oxide material with a wide bandgap of approximately 5.2 eV, and 
it can be grown by metalorganic chemical vapor deposition (MOCVD) and fabricated into a photodetector for 
deep-ultraviolet25–27 and power device applications28,29.

Although, some NOx gas sensors with nanorods, nanowires, nanosheet have been fabricated30–34. The nano-
structure gas sensor has great sensitivity due to extremely high surface-to-volume ratios. However, most thin 
film NOx gas sensors have difficulties in sensing ppb-level of NO35–37 and in gas selectivity. In this study, the ZGO 
epilayers grown on the sapphire substrate was successfully fabricated as a channel material for NOx gas sensor. 
The sensitivity, selectivity, and responsivity to NO at different operating temperature will be studied in this work.
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Results and Discussion
Figure 1 shows XRD patterns of the ZGO thin film that were grown by MOCVD. The diffraction peaks about 
18.40°, 37.34° and 57.49° were identified as the (111), (222), and (333) crystal plane of ZGO thin film. In general, 
the (333) plane was not allowed diffraction plane in the spinel crystal and the peak is always attributed to (511). 
Here, it can be regarded as the (333) diffraction plane due to the lattice mismatch between ZGO and sapphire. It 
means the ZGO eiplayer is a single crystal structure.

Figure 2(a) shows an SEM image of the ZGO thin film. It can be observed that ZGO thin film had a spindle 
structure. This structure offers lots of areas to react with NO gas molecules. Figure 2(b) shows the enlarged image. 
The length and width of spindle dimensions are about 120 nm and 40 nm, respectively.

The sensor was operated at 25, 100, 150, 200, 250, 300 °C six different operating temperatures to evaluate the 
optimum operated temperature. Figure 3(a) illustrates the relationship between sensitivity and NO gas concen-
tration with different operating temperature from 25 °C to 300 °C. It indicates that the sensor has the highest 
sensitivity at 300 °C. Figure 3(b) illustrates the sensitivity as a function of NO gas concentration as the gas sensor 
operated at 300 °C. The sensitivity (S) using the curve fitting has a linear relation to NO concentration (C) at 
300 °C. The linear fitting denoted as

= + . × .S 1 0 00327 C (1)

It is worthy to mention that the concentration of NO increasing to ppm level still presented a linear relation-
ship between sensitivity and concentration.

Figure 4 shows the relationship between operating temperature and the sensitivity of ZGO gas sensor when 
exposed to 6250 ppb of NO. It was found that the dynamic sensitivity curve shifted to the upper left corner as 
operating temperature increasing (black arrow). As the temperature ramps from 25 to 300 °C, the sensitivity 
increases from 1.11 to 22.21. Besides of that, the response time reduces from 10053 s to 57 s and recovery time 
reduces from 17646 s to 78 s. In other words, the sensing properties have been extraordinarily improved after 
ramping operating temperature to 300 °C.

Figure 5 illustrates the transient response of ZGO gas sensor with NO gas at 300 °C. The NO gas concentra-
tions are 6250 ppb, 3125 ppb, 1000 ppb, 500 ppb, 250 ppb, and 125 ppb, respectively. As shown in the figure, the 
resistance increased on NO injection (gray region). NO gas molecules adsorbed onto ZnGa2O4 surface, and they 
captured electrons, leading to an increase in resistance. Figure 6 shows the sensitivity of ZGO gas sensor with 

Figure 1. XRD pattern of ZGO thin film gas sensor.

Figure 2. SEM micrograph of the surface of ZGO thin film gas sensor.
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500 ppb of NO and NO2. It can be found that the ZGO gas sensor has a larger sensitivity of NO than that of NO2. 
The behavior can also support that the resistance increased abruptly and then decreased slowly as NO gas was 
injected to the chamber due to the NO gas transferring into NO2 in the air. The decrease in the resistance can 
possibly be ascribed to a decreasing in NO concentration, owing to the transformation of NO to NO2. By contrast, 
when NO gas was purged by fresh air (white region), the electrons returned to the conduction band of the ZGO 
thin film. Therefore, the resistance recovered to the original baseline. The sensitivity values are 22.21, 10.53, 5.03, 
3.10, 2.01, and 1.88 with the NO concentrations of 6250 ppb, 3125 ppb, 1000 ppb, 500 ppb, 250 ppb, and 125 ppb, 
respectively.

Figure 3. (a) Sensitivity of ZGO gas sensor versus different NO gas concentration at different temperatures 
from 25 °C to 300 °C and (b) Sensitivity of ZGO gas sensor as a function of NO gas concentration measured at 
300 °C.

Figure 4. Sensitivity of ZGO gas sensor with 6250 ppb of NO at different operating temperatures from 25 °C to 
300 °C.

Figure 5. Transient response of ZGO gas sensor with six different NO gas concentrations from 125 ppb to 
6250 ppb at 300 °C.
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To study the selectivity of the ZGO gas sensor, CO2, CO, and SO2 were injected with concentrations of 1500, 
125 and 125 ppm at the same operating temperature (300 °C), respectively. Figure 7 shows the transient response 
of the sensor to those gases. The sensor hardly reacted with CO2 and CO. It did react with SO2, but it displayed a 
low sensitivity (1.27) against a high SO2 concentration (125 ppm). After comparing the gas concentration and the 
sensitivity, as shown in Fig. 8, the results imply that the ZGO gas sensor exhibits a high selectivity to NO at the 
operating temperature of 300 °C.

Figure 6. Sensitivity of ZGO gas sensor for NO and NO2 with 500 ppb at 300 °C.

Figure 7. Transient response of ZGO gas sensor to CO2, CO, and SO2 with concentrations of 1500, 125, and 
125 ppm, respectively.

Figure 8. Sensitivity of ZGO gas sensor to CO2, CO, SO2, NO2, and NO at 300 °C.
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As concerning the mechanism of ZGO gas sensor being high responsivity for NO, it could be the fact that the 
dangling bonds on the surface of ZGO epilayer trapped oxygen molecules and turned them into adsorbed oxygen 
molecules. With different operating temperatures, the adsorbed oxygen molecules have different forms (O2

−
(ads) 

or O−
(ads))38. The reactions of the adsorbed oxygen molecules are given by Eqs (2) and (3)39.

Figure 9(a) illustrates the interactions between the surface of the ZGO thin film and the adsorbed oxygen 
ions before NO gas injection. As mentioned above, the oxygen molecules dissociate and adsorb onto the ZGO 
surface of the thin film with the characteristic O2

− or O− depending on the surface temperature. Both forms 
(O2

−
(ads) or O−

(ads)) extract electrons from the conduction band of the semiconductor, leading to the creation 
of the depletion region in the ZGO thin film. Figure 9(b) shows the interactions between the thin-film surface 
and the NO gas molecules. When NO gases were introduced into the chamber, NO gas molecules trapped the 
electrons due to high electronegative property and became NO− which is shown in Eq. (4)40. On the other hand, 
NO gas molecules reacted with the adsorbed oxygen molecules as the Eq. (5) shows40. Both reactions further 
extracted the electrons, and that caused the conductivity to decrease. As shown in Fig. 3(a), there is an obvious 
enhancement on sensitivity to NO as operating temperature increases from 100 °C to 150 °C (red arrow). This is 
due to the fact that high temperature makes the particles originally adsorbed on the surface desorb which allows 
more states on ZGO surface to react with NO gas molecules. Furthermore, high temperature also changes the 
form of adsorbed oxygen molecules. As the temperature is low, O2

− is the dominant adsorbed oxygen molecule. 
When the temperature ramps up, the dominant molecule becomes to O− which is more reactive. This makes NO 
gas molecules more easily react with adsorbed oxygen molecules and increase the sensitivity. On the other hand, 
high temperature provides more kinetic energy for gas molecules to move in the chamber, and also speeds up the 
process of reactions between NO gas molecules and adsorbed oxygen molecules. This resulted in a dramatically 
reducing on response time and recovery time as operating temperature increasing.

+ →− −O e O (2)2(gas) 2(ads)

+ →− − −O e 2O (3)2(ads) (ads)

+ →− −NO e NO (4)(gas) (ads)

+ → +− − − −NO O /O NO O /NO (5)(gas) 2(ads) (ads) (ads) 2(gas) 2(ads)

Table 1 presents the response time and recovery time of the ZGO gas sensor for different concentrations of 
NO gas at the operating temperature of 300 °C. The results imply that the sensor rapidly detected NO gas. The 
response times to all gas concentrations were shorter than 60 s, and no relation was observed between the NO 
gas concentration and response time. The response time of 125, 250, and 500 ppb are almost the same. This 
implies that NO gas molecules could adsorb onto ZGO thin film surface very easily in this concentration range. 
However, as the gas concentration increases (>1000 ppb), there are more and more molecules try to adsorb onto 
the ZGO surface. The molecules have to spend more time to find the unoccupied states on the surface. Therefore, 
the response time increases. By contrast, it was found that the recovery time increased with decreasing gas con-
centration. This could possibly be ascribed to the fact that the surface completely absorbed the NO under high 

Figure 9. Interactions between the surface of ZGO thin film and adsorbed molecules (a) before injection of NO 
and (b) after injection of NO.

NO (ppb) 6250 3125 1000 500 250 125

Resposne time (s) 57 59 54 35 38 36

Recovery time(s) 78 84 90 167 185 208

Table 1. Response time and recovery time of the ZGO gas sensor to NO with different gas concentrations at 
300 °C.
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concentration. Owing to purging by fresh air, the gas sensor surface desorbed NO immediately. The recovery time 
was related to the concentration difference (reference is the background concentration). The recovery time was 
shorter when the concentration difference was high.

The work functions of the clean ZGO (111) surface and the adsorption bonding of NO on the ZGO (111) 
surface are summarized in Table 2. The work function of the clean ZGO(111) surface is 4.04 eV, and it was used 
as a reference for the work function change calculations herein. Figure 10 shows the energy diagram of Model 
N-Ga, which in turn shows the work function, 4.15 eV, between the vacuum level EVAC and the Fermi level EF. The 
work function changes in the cases of Models N-Ga and N-Zn were 0.11 and 0.04 eV, respectively, indicating a 
more sensitive adsorption site of atomic Ga on the ZGO(111) surface. For two NO molecules, we verified that the 
work function changes of the models in terms of magnitude follows the order: Model 2N-Ga (0.26 eV) > Model 
2N-Ga-Zn (0.23 eV) > Model 2N-Zn (0.17 eV). This ordering remarkably demonstrates that high concentrations 
of NO gas exhibit high selective gas adsorption for NO onto ZGO thin film.

Conclusion
A NO gas sensor based on a ZGO epilayer grown by MOCVD was investigated in this work. The results indicated 
that ZGO gas sensor exhibited high sensitivity, reversibility, and selectivity in detecting NO at the operating tem-
perature of 300 °C. When exposed to 125 ppb NO, a sensitivity of 1.88 was observed. The response time and recov-
ery time were 36 and 208 s, respectively. The sensor has high sensitivity to NO, but it hardly reacts with CO2, CO, 
and SO2. Besides, ZGO also shows a larger response to NO than to NO2. Moreover, the results of a first-principles 
simulation proved that the ZGO gas sensor exhibits a great response to NO gas because of the large change in 
work function when NO gas molecules are adsorbed onto the ZGO thin-film surface. The above results prove that 
the proposed ZGO thin film gas sensor has the potential for use in IOT applications.

Methods
ZGO thin films with a thickness of 100 nm were grown on a c-plane (0001) sapphire substrate at 600 °C by 
MOCVD. The precursors of Zn and Ga are diethylzinc (DEZn) and triethylgallium (TEGa), respectively. Purified 
Ar and oxygen were employed as the carrier gas and oxide source, respectively. The thickness of epilayer was 
approximately 100 nm under a growth rate of 0.8 nm/min. After epilayer growth, the process commenced 
with mesa isolation in an induced coupled plasma etching system by BCl3/Cl2/Ar. The mesa isolation process 
etched the epilayer onto the sapphire substrate and left the plateau. The electrodes were composed of Ti/Al/
Ni (50/75/25 nm) multilayer metals deposited using an E-gun evaporator, and they were patterned by a lift-off 
process. The channel length L and width W were 30 and 250 µm, respectively. After the completion of the above 

Models EVAC (eV) EF (eV) Φ (eV)
ΔΦ 
(eV)

ZnGa2O4(111) 0.66 −3.38 4.04 —

N-Ga 0.79 −3.36 4.15 0.11

N-Zn 0.73 −3.35 4.08 0.04

2N-Ga 0.96 −3.34 4.30 0.26

2N-Ga-Zn 0.88 −3.39 4.27 0.23

2N-Zn 0.65 −3.56 4.21 0.17

Table 2. Work functions of clean ZGO(111) surface and adsorption bonding of NO on ZGO(111) surface.

Figure 10. Planar average (solid line) and vacuum level EVAC and Fermi level EF (dashed lines) of electrostatic 
potential near Ga-Zn-O-terminated ZGO(111) surface computed within DFT-GGA functional.
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mentioned processes, the device was annealed under 700 °C for 1 h. A schematic of the gas sensor measurement 
system and the device structure are shown in Fig. 11.

Regarding the sensing characteristics of the gas sensor, sensitivity and response time are important param-
eters. Sensitivity can be defined as Ra/Rg for reducing gases and Rg/Ra for oxidizing gases, where Ra and Rg 
denoted as the resistance of the gas sensor with dry air and that to the target gases, respectively41.

Response time and recovery time are defined as the time required for the sensor to reach 90% of its steady 
resistance and back to 10% of the value42.

To study the mechanism of the reaction between NO gas and ZGO, the reactions of the gas with different 
surface structures were simulated by first-principle calculations. In general, the sensor response is typically char-
acterized by work function changes in gas-sensitive materials. If we assume that the gap between the conduction 
band and the Fermi level in the bulk is not affected by gas adsorption at the surface, the work function changes 
because of the adsorption process of oxidizing gases as opposed to those caused by the clean surface can be writ-
ten as follows43.

ΔΦ = Δχ + k Rg
Ra

T In , (6)

where Δχ denotes changes in electron affinity, and the second term corresponds to changes in band bending. 
Here, k and T are Boltzmann constant and temperature, respectively. Equation (6) shows that the work function 
changes can be described in terms of sensitivity (Rg/Ra for oxidizing gases). Moreover, we present ab initio simu-
lations of NO adsorption behavior onto ZGO (111) thin film to elucidate the sensitivity of our gas sensor. Our 
simulations were based on the density functional theory (DFT), as implemented in the Vienna ab initio 

Figure 11. (a) Schematic of ZGO gas sensor measurement system. (b) Device structure of ZGO gas sensor, 
where L = 30 um and W = 250 um.

Figure 12. Atomistic representations of detailed N-Ga and/or N-Zn bonding arrangements pertaining to NO 
exposure on Ga-Zn-O-terminated ZGO(111) models. The atoms are represented by spheres: Zn (gray), Ga 
(brown), O (red), and N (blue).
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simulation package code44–46. The projector-augmented wave method and the generalized gradient approxima-
tion (GGA) with the Perdew-Wang (PW91) exchange-correlation functional were employed to efficiently treat 
ion-electron interactions47,48. The electronic configurations of the valence electrons were N: 2 s2/2p3, O: 2s2/2p4, 
Zn: 4s2/3d10, and Ga: 4s2/4p1. The ZGO (space group: 227 Fd-3 m) alloy and NO gas (space group: 99 P4mm) 
were constructed using the bulk crystalline and the gas configurations, respectively. In the ZGO(111) surface slab 
models, we adopted a ×2 2 basal setting (11.85 Å × 11.85 Å) for all adsorption calculations. The repeated slab 
geometry layers fixed at Zn16Ga32O64 were separated by vacuum regions equivalent to a thickness of 20 Å. 
Ga-Zn-O-terminated ZGO (111) surfaces are preferred with a low surface energy of 0.096 eV/Å2, and therefore, 
such surfaces were adopted in the present work49. Reactions of NO molecules on Ga-Zn-O-terminated 
ZnGa2O4(111) surfaces were modeled to calculate the work function changes or the NO sensitivity. The Brillouin 
zones were created using a 3 × 3 × 1 Gamma-Center grid and a 400-eV energy cutoff in the surface reaction mod-
els to obtain the optimized adsorption bonding of NO molecules on Ga-Zn-O-terminated ZnGa2O4(111) sur-
faces (Fig. 12). As one NO molecule approached the Ga-Zn-O-terminated ZnGa2O4(111) surface, the nitrogen of 
NO bonded with the gallium atom on the ZGO (111) surface shown in Model N-Ga. In Model N-Zn, the nitrogen 
of NO bonded with the zinc atom on the ZGO (111) surface. To compare the concentrations of NO, we con-
structed Model 2N-Ga, which showed that each of nitrogen of two NO molecules was bonded to the gallium 
atoms on the ZGO (111) surface. In Model 2N-Ga-Zn, each nitrogen of two NO molecules were bonded to one 
zinc atom and one gallium atom on the ZGO (111) surface. In Model 2N-Zn, each nitrogen of two NO molecules 
were bonded to the zinc atoms on the ZGO (111) surface.

References
 1. Waggoner, P. S. & Craighead, H. G. Micro-and nanomechanical sensors for environmental, chemical, and biological detection. Lab 

on a Chip 7, 1238–1255 (2007).
 2. Lee, D.-D. & Lee, D.-S. Environmental gas sensors. IEEE Sensors Journal 1, 214–224 (2001).
 3. Tsujita, W., Yoshino, A., Ishida, H. & Moriizumi, T. Gas sensor network for air-pollution monitoring. Sensors and Actuators B: 

Chemical 110, 304–311 (2005).
 4. Ryabtsev, S., Shaposhnick, A., Lukin, A. & Domashevskaya, E. Application of semiconductor gas sensors for medical diagnostics. 

Sensors and Actuators B: Chemical 59, 26–29 (1999).
 5. Guix, F., Uribesalgo, I., Coma, M. & Munoz, F. The physiology and pathophysiology of nitric oxide in the brain. Progress in 

neurobiology 76, 126–152 (2005).
 6. Stamler, J. S. Nitric oxide in the cardiovascular system. Coronary Artery Disease 10, 273–276 (1999).
 7. Gusain, A., Joshi, N. J., Varde, P. & Aswal, D. Flexible NO gas sensor based on conducting polymer poly [N-9′-heptadecanyl-2, 

7-carbazole-alt-5, 5-(4′, 7′-di-2-thienyl-2′, 1′, 3′-benzothiadiazole)](PCDTBT). Sensors and Actuators B: Chemical 239, 734–745 
(2017).

 8. Delorme, T., Najafi, M. & Nasr, P. The spatial and temporal relationship between oxidative stress and neuronal degeneration in 
3-nitropropionic acid model. World Journal of Neuroscience 2, 234 (2012).

 9. Dossi, N. et al. An electrochemical gas sensor based on paper supported room temperature ionic liquids. Lab on a Chip 12, 153–158 
(2012).

 10. Cuomo, C. E., Kutschker, A., Noble, P. M. & Novack, R. L. (Google Patents, 1994).
 11. Smith, M. L. & Fondriest, S. J. (Google Patents, 1993).
 12. Agbor, N., Cresswell, J., Petty, M. & Monkman, A. An optical gas sensor based on polyaniline Langmuir-Blodgett films. Sensors and 

Actuators B: Chemical 41, 137–141 (1997).
 13. Gu, Z., Xu, Y. & Gao, K. Optical fiber long-period grating with solgel coating for gas sensor. Optics letters 31, 2405–2407 (2006).
 14. Shokri, A. & Salami, N. Gas sensor based on MoS2 monolayer. Sensors and Actuators B: Chemical 236, 378–385 (2016).
 15. Du, H. et al. In 2017 IEEE SENSORS. 1–3 (IEEE).
 16. Liu, B. et al. High-performance chemical sensing using Schottky-contacted chemical vapor deposition grown monolayer MoS2 

transistors. ACS nano 8, 5304–5314 (2014).
 17. Park, S., An, S., Mun, Y. & Lee, C. UV-enhanced NO2 gas sensing properties of SnO2-core/ZnO-shell nanowires at room 

temperature. ACS applied materials & interfaces 5, 4285–4292 (2013).
 18. Bie, L.-J., Yan, X.-N., Yin, J., Duan, Y.-Q. & Yuan, Z.-H. Nanopillar ZnO gas sensor for hydrogen and ethanol. Sensors and Actuators 

B: Chemical 126, 604–608 (2007).
 19. Masteghin, M. & Orlandi, M. A Gas Sensor Based on a Single SnO Micro-Disk. Sensors 18, 3229 (2018).
 20. Wei, B.-Y. et al. A novel SnO2 gas sensor doped with carbon nanotubes operating at room temperature. Sensors and Actuators B: 

Chemical 101, 81–89 (2004).
 21. Xu, J., Pan, Q. & Tian, Z. Grain size control and gas sensing properties of ZnO gas sensor. Sensors and Actuators B: Chemical 66, 

277–279 (2000).
 22. Cheng, L.-C. et al. Effect of Defects on the properties of ZnGa2O4 thin-film transistors. ACS Applied Electronic Materials (2019).
 23. Cheng, L.-C., Huang, C.-Y. & Horng, R.-H. Thickness Effect on Operational Modes of ZnGa 2 O 4 MOSFETs. IEEE Journal of the 

Electron Devices Society 6, 432–437 (2018).
 24. Horng, R.-H., Huang, C.-Y., Ou, S.-L., Juang, T.-K. & Liu, P.-L. Epitaxial Growth of ZnGa2O4: A New, Deep Ultraviolet 

Semiconductor Candidate. Crystal Growth & Design 17, 6071–6078 (2017).
 25. Feng, P., Zhang, J., Li, Q. & Wang, T. Individual β-Ga 2 O 3 nanowires as solar-blind photodetectors. Applied physics letters 88, 

153107 (2006).
 26. Qian, L.-X., Zhang, H.-F., Lai, P., Wu, Z.-H. & Liu, X.-Z. High-sensitivity β-Ga 2 O 3 solar-blind photodetector on high-temperature 

pretreated c-plane sapphire substrate. Optical Materials Express 7, 3643–3653 (2017).
 27. Qian, L. et al. β-Ga2O3 solar-blind deep-ultraviolet photodetector based on a four-terminal structure with or without Zener diodes. 

AIP Advances 6, 045009 (2016).
 28. Zhou, H. et al. High-Performance Depletion/Enhancement-ode $\beta $-Ga2O3 on Insulator (GOOI) Field-Effect Transistors With 

Record Drain Currents of 600/450 mA/mm. IEEE Electron Device Letters 38, 103–106 (2017).
 29. Wong, M. H., Sasaki, K., Kuramata, A., Yamakoshi, S. & Higashiwaki, M. Field-plated Ga 2 O 3 MOSFETs with a breakdown voltage 

of over 750 V. IEEE Electron Device Letters 37, 212–215 (2016).
 30. Xu, S. et al. Role of the heterojunctions in In 2 O 3-composite SnO 2 nanorod sensors and their remarkable gas-sensing performance 

for NO x at room temperature. Nanoscale 7, 14643–14651 (2015).
 31. Bai, S. et al. Low-temperature hydrothermal synthesis of WO 3 nanorods and their sensing properties for NO 2. Journal of Materials 

Chemistry 22, 12643–12650 (2012).
 32. Oh, E. et al. High-performance NO2 gas sensor based on ZnO nanorod grown by ultrasonic irradiation. Sensors and Actuators B: 

Chemical 141, 239–243 (2009).

https://doi.org/10.1038/s41598-019-43752-z


9Scientific RepoRts |          (2019) 9:7459  | https://doi.org/10.1038/s41598-019-43752-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

 33. Choi, Y.-J. et al. Novel fabrication of an SnO2 nanowire gas sensor with high sensitivity. Nanotechnology 19, 095508 (2008).
 34. Rout, C., Ganesh, K., Govindaraj, A. & Rao, C. Sensors for the nitrogen oxides, NO 2, NO and N 2 O, based on In 2 O 3 and WO 3 

nanowires. Applied Physics A 85, 241–246 (2006).
 35. Xie, T. et al. The fabrication and optimization of thin-film transistors based on poly (3-hexylthiophene) films for nitrogen dioxide 

detection. IEEE Sensors Journal 16, 1865–1871 (2016).
 36. Lin, C.-Y., Fang, Y.-Y., Lin, C.-W., Tunney, J. J. & Ho, K.-C. Fabrication of NOx gas sensors using In2O3–ZnO composite films. 

Sensors and Actuators B: Chemical 146, 28–34 (2010).
 37. Akamatsu, T., Itoh, T., Izu, N., Shin, W. & Sato, K. Sensing properties of Pd-loaded Co3O4 film for a ppb-level NO gas sensor. Sensors 

15, 8109–8120 (2015).
 38. Wang, C., Yin, L., Zhang, L., Xiang, D. & Gao, R. Metal oxide gas sensors: sensitivity and influencing factors. Sensors 10, 2088–2106 

(2010).
 39. Uddin, A. I., Phan, D.-T. & Chung, G.-S. Low temperature acetylene gas sensor based on Ag nanoparticles-loaded ZnO-reduced 

graphene oxide hybrid. Sensors and Actuators B: Chemical 207, 362–369 (2015).
 40. Li, T.-t et al. Study on room temperature gas-sensing performance of CuO film-decorated ordered porous ZnO composite by In2O3 

sensitization. Royal Society open science 5, 171788 (2018).
 41. Afzal, A., Cioffi, N., Sabbatini, L. & Torsi, L. NOx sensors based on semiconducting metal oxide nanostructures: progress and 

perspectives. Sensors and Actuators B: Chemical 171, 25–42 (2012).
 42. Arafat, M., Dinan, B., Akbar, S. A. & Haseeb, A. Gas sensors based on one dimensional nanostructured metal-oxides: a review. 

Sensors 12, 7207–7258 (2012).
 43. Sahm, T., Gurlo, A., Barsan, N. & Weimar, U. Basics of oxygen and SnO2 interaction; work function change and conductivity 

measurements. Sensors and Actuators B: Chemical 118, 78–83 (2006).
 44. Kresse, G. & Hafner, J. Norm-conserving and ultrasoft pseudopotentials for first-row and transition elements. Journal of Physics: 

Condensed Matter 6, 8245 (1994).
 45. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis 

set. Computational materials science 6, 15–50 (1996).
 46. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Physical 

review B 54, 11169 (1996).
 47. Perdew, J. P. et al. Atoms, molecules, solids, and surfaces: Applications of the generalized gradient approximation for exchange and 

correlation. Physical review B 46, 6671 (1992).
 48. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Physical Review B 59, 1758 

(1999).
 49. Chuanyi Jia, W. F. et al. Theoretical Study of Water Adsorption and Decomposition on Low-Index Spinel ZnGa2O4 Surfaces: 

Correlation between Surface Structure and Photocatalytic Properties. ACS Applied Electronic Materials 29, 7025–7037 (2013).

Acknowledgements
This work was supported by the Ministry of Science and Technology (MOST), Taiwan, R.O.C., under Grants 
MOST 105–2221-E-009-183-MY3, 106-2745-M009-001-ASP, 107-2221-E-009-117-MY3, 107-2218-E-009-056, 
107-3017-F009-003, Ministry of Education, Taiwan (SPROUT Project-Center for Emergent Functional Matter 
Science of National Chiao Tung University) and TYNYEK Corp. We are grateful for the use of facilities in the 
National Nano Device Laboratory of Taiwan. A number of people have improved this work by offering their 
expertise and skills.

Author Contributions
M.R.W., W.Z.L. and C.Y.T. conceived and designed the experiments. C.Y.H. contributed to growing the ZnGa2O4 
films by MOCVD technique. Y.H.C. and P.L.L. do the simulation. R.H.H. designed experiments, analyzed, verified 
the data and wrote paper. All authors read and approved the final version of the manuscript to be submitted.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-43752-z
http://creativecommons.org/licenses/by/4.0/

	NO gas sensor based on ZnGa2O4 epilayer grown by metalorganic chemical vapor deposition
	Results and Discussion
	Conclusion
	Methods
	Acknowledgements
	Figure 1 XRD pattern of ZGO thin film gas sensor.
	Figure 2 SEM micrograph of the surface of ZGO thin film gas sensor.
	Figure 3 (a) Sensitivity of ZGO gas sensor versus different NO gas concentration at different temperatures from 25 °C to 300 °C and (b) Sensitivity of ZGO gas sensor as a function of NO gas concentration measured at 300 °C.
	Figure 4 Sensitivity of ZGO gas sensor with 6250 ppb of NO at different operating temperatures from 25 °C to 300 °C.
	Figure 5 Transient response of ZGO gas sensor with six different NO gas concentrations from 125 ppb to 6250 ppb at 300 °C.
	Figure 6 Sensitivity of ZGO gas sensor for NO and NO2 with 500 ppb at 300 °C.
	Figure 7 Transient response of ZGO gas sensor to CO2, CO, and SO2 with concentrations of 1500, 125, and 125 ppm, respectively.
	Figure 8 Sensitivity of ZGO gas sensor to CO2, CO, SO2, NO2, and NO at 300 °C.
	Figure 9 Interactions between the surface of ZGO thin film and adsorbed molecules (a) before injection of NO and (b) after injection of NO.
	Figure 10 Planar average (solid line) and vacuum level EVAC and Fermi level EF (dashed lines) of electrostatic potential near Ga-Zn-O-terminated ZGO(111) surface computed within DFT-GGA functional.
	Figure 11 (a) Schematic of ZGO gas sensor measurement system.
	Figure 12 Atomistic representations of detailed N-Ga and/or N-Zn bonding arrangements pertaining to NO exposure on Ga-Zn-O-terminated ZGO(111) models.
	Table 1 Response time and recovery time of the ZGO gas sensor to NO with different gas concentrations at 300 °C.
	Table 2 Work functions of clean ZGO(111) surface and adsorption bonding of NO on ZGO(111) surface.




