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Abstract: Conventional metal oxide semiconductor (MOS) gas sensors have been investigated 

for decades to protect our life and property. However, the traditional devices can hardly fulfil the 

requirements of our fast developing mobile society, because the high operating temperatures 

greatly limit their applications in battery-loaded portable systems that can only drive devices 

with low power consumption. As ammonia is gaining importance in the production and storage 

of hydrogen, there is an increasing demand for energy-efficient ammonia detectors. Hence, in 

this work, a Schottky diode resulting from the contact between zinc oxide nanorods and gold is 

designed to detect gaseous ammonia at room temperature with a power consumption of 625 μW. 

The Schottky diode gas sensors benefit from the change of barrier height in different gases as 

well as the catalytic effect of gold nanoparticles. This diode structure – fabricated without 

expensive interdigitated electrodes and displaying excellent performance at room temperature – 

provides a novel method to equip mobile devices with MOS gas sensors. 
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Ammonia (NH3) is one of the most important alkaline gases in the atmosphere. It is a critical 

nitrogen source that plays an important role in the global biogeochemical nitrogen cycle, climate 

change as well as human health. 1,2 NH3 has been used widely as a feedstock for nitrogen in 

agriculture and as a refrigerant and has recently been gaining importance as an excellent source 
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for hydrogen in energy production, for example hydrogen storage and generation in vehicular 

applications. 3–5 The use of NH3 for on-board hydrogen storage necessitates the development of 

new sensor technologies for its detection. As the alkaline gas can cause eye irritation at 20 parts 

per million (ppm), 6 it is essential to monitor and maintain the NH3 concentration below the 

exposure limit of 5-50 ppm to prevent irritations or burns to eyes, the nose, the throat and the 

skin. The annual emission of NH3 has been growing due to human activities in the last few 

decades. Therefore, there is growing need for the development of NH3 sensors with detection 

limits down to 20 ppm. Metal oxide semiconductor (MOS) gas sensors have recently received a 

lot of attention due to their ease of processing, low cost, fast response and high selectivity. 7–10 A 

major issue of MOS gas sensors is the high operating temperature above 350 °C, which limits 

their application due to the high energy requirement and the risk of ignition at high 

temperatures. 11–13 For conventional MOS gas sensors, the conductometric response is low at 

room temperature. Two main factors might cause the poor behaviour: (1) the amount of oxygen 

adsorption species on the sensing layer is small; and (2) at temperatures below 100 °C, oxygen 

molecules prefer to ionize to O2
- rather than the more active species O- or O2-, which largely 

restricts their activity when exposed to analytes. 14 At low temperatures, reaction products such 

as water and other small intermediate organic compounds remain at the semiconductor surface 

rather than desorbing, therefore, the recovery time is much longer at room temperature than at 

high temperatures. The residue on the sensing surface inhibits the re-adsorption of oxygen as 

well as slowing electron movement in the semiconductor’s conduction band.  

Recently, metal oxide semiconductor (MOS) room-temperature gas sensors have been achieved 

either under ultraviolet (UV) illumination 15–18 or with vibration. 8,19–21 UV illumination 

improves gas sensor sensitivity because the photo-induced carriers may facilitate the reaction 

between the ionized oxygen and analyte molecules. UV light with high intensity can also heat up 

the device. Sunghoon Park et al. presented an NO2 gas sensor made of ZnO-SnO2 composite, 

which has a 2-3 fold enhancement in response due to UV illumination at room temperature. 18 

However, the stability under intensive UV illumination was demonstrated to be poor. More 

recently, ZnO nanostructures decorated with metal nanoparticles have been reported to improve 

ZnO gas sensing properties, where the catalytic properties of metals such as gold, platinum and 

palladium facilitate the resistance changes occurring on the surface in response to different 

gases. 22–31 However, most of these devices need light illumination or high working temperatures. 
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None of them have considered the practical requirements of low power consumption and 

portability. One notable exception is the report by Shingange et al. that shows that gold 

nanoparticle modified ZnO nanorods had responsivity and selectivity to ammonia at room 

temperature when the gold loading level was 0.5 wt%. 32 The enhanced performance by gold 

nanoparticles was assumed to be due to a spill-over effect that allowed dissociated molecules to 

migrate from the gold to the ZnO surface.  

ZnO is one of the most studied materials for gas sensing devices due to its wide band gap, high 

carrier mobility as well as low cost and simple synthesis processes. 33–36 Nanostructured ZnO 

with specific size and dimensions has been demonstrated to be suitable for gas sensing devices 

originating from the potential for a large surface-to-volume ratio, high specific surface area, 

large amount of surface active sites, as well as the recently recognized effect of certain crystal 

facets having particularly high surface reactivity. 37 Many examples of different kinds of 

nanostructures have been investigated and assembled into gas sensors: nanoparticles, 16 

nanorods, 17,38 nanowire, 39,40 nanoplates, 35 as well as urchin-like structures 41 being the most 

common.  

Schottky diodes can detect volatile organic compounds (VOCs) based on the observation of the 

shifts in the current-voltage (I-V) curve caused by the reaction of analytes on the metal-

semiconductor interface which alters the Schottky barrier height at the interface. 42–44 The barrier 

height of a metal-semiconductor (n-type) is smaller in a reducing gas than in air. Kalantar-Zadeh 

and co-workers reported a Pt/WO3 film Schottky-based hydrogen and ethanol sensors in 2015, 

and the best performance to 1% hydrogen was a voltage shift of 1.67 V at an operating 

temperature of 200 °C. 43 Although the Schottky diode showed good gas sensing properties, the 

working temperature was still high because the film morphology of WO3 provided limited 

surface area and insufficient active sites. Overall, Schottky diode-based gas sensors have 

received rather limited attention. 

ZnO is one of the most common n-type semiconductors used in Schottky junction devices 45,46 

when in contact with a large work function noble metal such as gold (Au). The versatile ZnO 

morphologies provide multiple choices for high-surface-area devices. In this work, inspired by 

the barrier height change mechanism in Schottky diodes, a room temperature gas sensor made of 

a junction of ZnO nanorods and a gold contact has been developed for low temperature NH3 
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detection. The high surface area of the nanorods and the vertical structure of the Schottky diode 

reported here for the first time facilitate a shift of the barrier height at room temperature and, 

thereby, offer a solution for the high working temperature issue in MOS gas sensors. ZnO 

nanorods were grown using a simple solution-based method. Schottky diodes were obtained by 

thermally evaporating gold on top of the nanorods. The evaporation process did not only produce 

a contact on the ZnO, but also resulted in the decoration of the ZnO nanorod with catalytic gold 

nanoparticles. Moreover, the newly developed device does not need the high-cost interdigitated 

electrodes that conventional gas sensors have to use.    

 

Experimental 

Synthesis of ZnO nanorods and device fabrication 

All the chemicals were purchased from Sigma-Aldrich Co., Ltd U.K. unless stated 

otherwise and used without any further purification. ZnO nanorods were produced on 

fluorine doped tin oxide (FTO)-coated glass (2 cm × 2 cm, 15 Ω/sq, Solaronix SA, 

Switzerland) using a solution method as described previously. 47 After the synthesis, ZnO 

nanorods were annealed in a box furnace (Lenton, U.K.) at 350 °C in air for 1 h. The 

ZnO/Au (Au purity > 99.99 %) Schottky diode devices were completed by evaporating a 

gold contact (area = 0.5 cm2) through a custom-designed stripe patterned mask of 

approximately 150 nm equivalent thickness (on a planar surface) onto the ZnO nanorods 

Figure 1 (a) Schematic of custom-designed gas sensor test rig. (b) The testing chamber was custom designed with a 

volume of 4 mL. 
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using a vacuum thermal evaporator (E306A, Edwards) at a pressure < 10-5 Bar and with 

an average rate of 1.5 nm/s. To prevent short circuits, regions around the active area were 

blocked by drop coating poly(methyl methacrylate) (PMMA, average MW ~ 120000 

g/mol), which was dissolved to form a 9 wt% solution in methoxybenzene (assay ~ 99%). 

For comparison, ZnO nanorods were produced on interdigitated electrode (IDE) (DRP-

IDEAU200, DropSens, Spain) substrates using the same recipe as that on the FTO-coated 

glass. 

Characterization and gas sensor measurements 

The morphology of ZnO nanorods was examined using a scanning electron microscope 

(SEM, FEI, Inspect F). The gold nanoparticle distribution on the ZnO nanorods was analysed 

using transmission electron microscopy (TEM, JEOL JEM 2010). The average size of Au 

nanoparticles was obtained by measuring 50 randomly selected nanoparticles from a TEM image 

using ImageJ. The I-V characteristics of the devices were measured in the range of - 1.5 V to 

+ 1.5 V using a source meter (Keithley 2400) which is controlled by a custom-written LabVIEW 

program.  

Figure 1a shows the schematic of the gas sensor test platform. The gas sensor devices were 

placed in a custom-designed chamber (volume ≈ 4 mL) with a gas inlet and outlet (Figure 1b). 

The chamber can be sealed with a rubber O-ring and has two brass plates with contacts that are 

connected to a source meter (Keithley 2400). The device electrodes were connected with copper 

tape, and then silver paint was used to connect these to the brass plates to create ohmic contacts. 

Gas was introduced into the chamber by mass flow controllers (1179A, MKS Instruments, USA); 

a flow rate 1 L/min was recorded by a gas flowmeter. Different gas concentrations were obtained 

by diluting the gases with dry synthetic air. The humidity was adjusted by mixing dry with wet 

air in the appropriate ratios. The current change of the sensor devices was monitored at a 

constant 0.5 V using the source meter that was controlled by a custom-written LabVIEW 

program. All the gases were diluted with synthetic air and purchased from The BOC Group, U.K. 

All the devices were measured at ambient temperature (about 22 °C). 

Results and discussion 

Characterization of ZnO/Au Schottky diodes 
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Figure 2a shows a ZnO/Au Schottky diode gas sensor device and Figure 2b is a schematic 

of its side view. The scanning electron microscope (SEM) image of the gold-coated area 

(indicated by the red dot in Figure 2a) in Figure 2c illustrates a rough surface with some 

gold particles visible on the ZnO nanorods. The corresponding cross-sectional view in 

Figure 2e shows a clear gold covering on the top of the ZnO nanorods, which was used as 

an electrode. No gold is observed on the bottom of the ZnO nanorods, which means the 

evaporated gold particles did not reach the FTO conductive layer. The uncoated area, 

which is indicated by the blue dot in Figure 2a is shown in Figure 2d and 2f, presents a 

smooth and clean nanorod surface in contrast to the gold coated surfaces.  

Metals have different functions when in contact with semiconductors depending on their 

size. To study the morphology of gold that was deposited on the ZnO nanorod surface, 

TEM images were taken (Figure 3). Figure 3a shows a single nanorod with gold 

nanoparticles randomly distributed. From the high-magnification TEM image in Figure 

3b, the lattice spacing was determined to be 2.35 ± 0.01 Å, which agrees with the internal 

lattice spacing of the (111) plane of face-centred-cubic (fcc) gold (d = 2.355 Å, ICCD 

Figure 2 (a) Device photo, the red and blue dots indicate the gold-coated and uncoated areas. (b) A device schematic 

of its side view. Top-view SEM images of (c) gold-coated area, (d) uncoated area, with corresponding cross-section 

SEM images in (e) and (f). 
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Card No. 04-0784). Figure 3c shows the histogram of the gold nanoparticle size 

distribution; an average diameter of 5.7 nm was determined. 

 

According to the SEM and TEM images, there were two forms of gold, which were 

particles on the middle of the nanorods and a film on the top of the nanorods. This 

formation of both gold nanoparticles and a film is likely because of the vacuum thermal 

evaporation process. The gold could penetrate to the lower part of the nanorods because 

the gaps between the nanorods were open at the beginning of the evaporation process; 

later a film formed on the top and no more gold could penetrate into the spaces between 

the nanorods (see the device schematic in Figure 2b).  

The band gap (Eg) of ZnO nanorods was calculated to be 3.24 eV from the Tauc plot 

(Figure 4b) which was acquired from the UV-Vis spectrum (Figure 4a). The valance band 

maximum (VBM) of ZnO nanorods was obtained from ultraviolet photo-electron 

spectroscopy (UPS) according to the following equation:48,49  

VBM = hν − (𝐸𝑐𝑢𝑡𝑜𝑓𝑓 − 𝐸𝑜𝑛𝑠𝑒𝑡)                     (1) 

where hν = 21.22 eV is the incident photon energy, Ecutoff is the electron cut off energy 

and Eonset is the onset relative to the Fermi level (Ef) of Au at 0 eV. The Ecutoff of 17.38 eV 

and the Eonset of 4.04 eV were determined from Figure 4c and d, respectively. Therefore, 

Figure 3 (a) TEM image of ZnO nanorod with gold nanoparticles. (b) Higher magnification indicated in (a) with 

clear lattice spacing information, scale bar 2 nm. (c) Gold nanoparticle size distribution. 
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the VBM was 7.88 eV, and a conduction band minimum (CBM) of 4.64 eV was obtained. 

The resulting energy band diagram of ZnO nanorods is shown in Figure 4e. The work 

function of gold is 5.31 eV. 50 Theoretically, therefore, a Schottky barrier will form when 

a large work function noble metal is in contact with ZnO. Figure S1 shows the I-V curve 

of the ZnO/Au contact; the rectifying behavior demonstrates that a barrier was produced 

successfully. The rectification ratio at ± 1 V was 1400. 

 

Gas sensing properties of ZnO/Au Schottky diodes 

The resistance of a ZnO/Au Schottky diode sensor at room temperature was recorded 

against time at a constant bias of 0.5 V (Figure 5a). Increasing concentrations of NH3 

were applied to the sensor in 0%, 10% and 20% relative humidity. The sensor was 

exposed to synthetic air before and after gas pulses to establish a baseline resistance. The 

current of the ZnO/Au Schottky diode gas sensor increased rapidly in the presence of 

NH3. When the chamber was purged with synthetic air, the current returned to the 

baseline as the oxygen molecules adsorbed on ZnO again. The sensors showed an 

increase in the response with increasing NH3 concentration. The as-prepared device 

showed a large baseline drift of 13 µA/min. Exposure to 20% humidity was found to 

improve baseline stability to < 2 µA/min over 9 hours and also increase response and 

recovery rates. At 10 ppm NH3, the response time t90 was approximately 28 min in dry 

Figure 4 (a) UV-Vis spectrum of ZnO nanorods. (b) Tauc-plot of ZnO nanorods, indicates the band gap was 3.24 eV. UPS 

spectrum of ZnO (c) cut off region; (d) onset region. (e) Energy-band diagram of ZnO and gold.
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air and 3 min at 20% humidity, while the recovery times were longer with 74 min in dry 

air and 20 min at 20% humidity. The longer recovery times are probably due to slow 

desorption rates of reaction products from the surface. Operating the sensor at slightly 

elevated temperature is likely to increase desorption rates and accelerate the recovery. 

Increasing humidity reduced the overall sensor responsivity (Figure 5c), although the 

ability of the sensor to discriminate concentrations within the concentration range 

investigated remains approximately the same. The overall current increased with 

increasing humidity. This could be due to the adsorption of water on the ZnO surface and 

its subsequent dissociation into hydroxide and protons, which could lead to enhanced 

conductivity due to a proton hopping mechanism. 51 The presence of water would also 

allow ammonia to adsorb onto the surface as ammonium hydroxide, which could enhance 

its reactivity and explain the faster response at higher humidity.  

The responsivity of the sensor varies between 8% and 18% within the concentration range 

of ammonia investigated. Further improvement in the sensor response might be achieved 

by optimising the gold loading of the ZnO nanorods. 32 
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At temperatures below 100 °C, oxygen molecules are known to be ionized to O2
- at the 

air-ZnO interface. It is, therefore, proposed that the chemically active oxygen ions and the 

trace NH3 molecules reacted at the gas-solid interface as follows:32 

4 NH3 + 3 O2
- → 2 N2 + 6 H2O + 3 e-             (2) 

The redox reaction released the trapped electrons back to ZnO resulting in an increased 

electron concentration in the conduction band, therefore, the current increased. As the 

NH3 concentration increased, the current in the Schottky diode increased further as more 

electrons were released by the reaction. The largest power consumption was 625 μW in 

Figure 5 (a) Current change of a ZnO/Au Schottky diode versus time at different concentrations of NH3 gas in 

dry air, 10% and 20% humidity, tested at room temperature with a forward bias of 0.5 V. (b) The responsivity 

(S%) versus NH3 concentration at room temperature in dry air; the trendline was obtained by fitting with  𝑦 =

𝑎 + 𝑏𝑙𝑛(𝑥) with a=0.0866 and b=0.0343. (c) Comparison of S% in dry air, 10% and 20% humidity.
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20 ppm NH3 at 20% humidity. The responsivity S% was used to study the relationship 

between the current change and NH3 concentration, which can be expressed as  

𝑆% =
𝐼𝑔𝑎𝑠−𝐼𝑎𝑖𝑟

𝐼𝑎𝑖𝑟
 × 100%        (3) 

where Igas is the value of the current measured in gas and Iair is the base line of current 

measured in synthetic air. As shown in Figure 5b, the responsivity to NH3 increased with 

an increasing concentration at room temperature, which gave evidence that a Schottky 

diode structure can work at decreased operating temperatures. The responsivity shows a 

non-linear relationship with the NH3 concentration, which can be fitted by a power law. 

Sensor responses to NH3 at room temperature have also been reported by Shingange et al. 

with a resistive metal oxide gas sensor based on gold nanoparticle modified ZnO 

nanorods.32 While the authors did not report absolute resistances, another report of gold 

decorated ZnO nanorods deposited onto interdigitated electrodes indicates resistances of 

the order of several MΩ,26 while the Schottky diode presented in this work has the 

advantage of low resistance < 1 kΩ, which makes this device promising for commercial 

applications. 

 

A traditional conductometric MOS gas sensor device has a chemically active 

semiconductor layer on an IDE substrate with a heater on the back of the sensor chip. It 

measures the resistance change across the grain boundaries at high operating 
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Figure 6 Responses of ZnO/Au Schottky diode sensor to different gases of 40 ppm concentration at room 

temperature, the NH3 concentration was set to be 20 ppm. 
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temperatures. 10 To study the function of the Schottky gas sensor, conventional MOS gas 

sensor devices made of ZnO nanorods on IDEs were investigated for comparison. Figure 

S2 shows that the current under the same applied bias of 0.5 V was about twenty times 

smaller for ZnO nanorods on an IDE than in the ZnO/Au Schottky diode. The current of 

ZnO nanorods on the IDE substrate in the air was not stable and did not change 

significantly after exposure to 50 ppm NH3. This indicates that the Schottky barrier and 

the current flow along the entire length of the ZnO nanorods is essential for obtaining a 

good room temperature response to ammonia.  

 

Figure 7 Semilogarithmic presentation of the I-V curves of a ZnO/Au Schottky diode at room temperature in air and 40 

ppm NH3 (a) from -1 to +1 V, (b) for forward voltages, (c) energy band configuration of a ZnO/Au Schottky diode gas 

sensor with a forward voltage
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Selectivity is one of the most important properties in sensing devices. Figure 6 shows the 

responsivity of a ZnO/Au Schottky diode sensor to some of the most common gas 

analytes with a concentration of 40 ppm. The responsivity to NH3 was more than six 

times greater than that to other gases. This is in agreement with a previous study where 

the response of gold modified ZnO nanorods to a wider range of reducing gases, 

including methane and hydrogen was shown to be small compared to the response to 

NH3. 
32 This is likely because NH3 was more active at room temperature than other gases 

to react with ionized oxygen species (O2
-) at the interface.  

Mechanism of a ZnO/Au Schottky diode gas sensor  

To understand the mechanism of the ZnO/Au Schottky diode as NH3 gas sensor at room 

temperature, the electrical properties were studied by measuring the I-V curves in air and in NH3, 

respectively. The Schottky diode displayed a rectification ratio of 1400 in air and 36 in 40 ppm 

NH3 at ± 1 V at room temperature as shown in Figure 7a. The I-V curves seem to indicate a five 

times higher sensitivity of the sensor to ammonia under reverse bias conditions; however, 

dynamic measurements at negative voltages did not produce any significant gas responses within 

the time frame investigated. With the assumption that the current is due to the thermionic 

emission, the relation between the applied forward bias and current can be expressed according 

to the thermionic emission theory as 52 

I = 𝐼0𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) [1 − 𝑒𝑥𝑝 (

−𝑞𝑉

𝑘𝑇
)]           (4)  

where n is the ideality factor, T is the temperature in Kelvin, q is the electron charge, k is the 

Boltzmann constant and I0 is the reverse saturation current, at room temperature (293 K), kT/q = 

0.025 V. For V > kT/q, Equation 4 can be written as 

I = 𝐼0𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
)        (5) 

The reverse saturation current can be extracted by extrapolating the straight line of lnI vs. V to 

intercept the axis at zero voltage: 

ln𝐼 = 𝑙𝑛𝐼0 +
𝑞

𝑛𝑘𝑇
𝑉        (6) 

The forward current increases rapidly with increasing bias; I0 and n can be determined by fitting 

the linear region of the lnI vs. V plot as shown in Figure 7b. Assuming that thermionic emission 

is the most predominant mechanism, I0 can be expressed as 43 
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𝐼0 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (
−𝑞𝛷𝑏

𝑘𝑇
)      (7) 

Where A is the effective diode area, A* is the effective Richardson constant which is equal to 

32 Acm-2K-2 for ZnO 53 and Φb is the zero-bias barrier height. The value Φb in air and in NH3 

were determined to be 0.81 eV and 0.74 eV. The barrier height at zero-bias of the ZnO/Au 

Schottky diode was smaller in NH3 than in air. With a forward bias of 0.5 V, the released 

electrons from the redox reaction were easily transferred across the smaller barrier height 

resulting in a decreased resistance when NH3 gas molecules were introduced (see Figure 7c). 

Furthermore, with more electrons in the conduction band, they will occupy higher energy states 

based on the Fermi-Dirac distribution, so a higher proportion will have energies above the barrier 

height. The width of the depletion layer in air (LD-air) was greater than that in NH3 (LD-NH3) due to 

the increase in the number of charge carriers in NH3. The reverse saturated currents were also in 

agreement with the calculated change in barrier heights, as a higher current was recorded in NH3. 

Therefore, by determining the barrier heights and reverse saturated currents of the diode sensors, 

the detection of NH3 at room temperature is based on the difference of barrier height in different 

atmospheres. 

Another possible mechanism is either the chemical or electronic sensitization by gold 

nanoparticles on the surface of ZnO. Ramgir et al. have reported a room temperature gas sensor 

of gold nanoparticles dispersed on ZnO nanorods that can detect H2S due to catalytic and 

electronic sensitization effects. 54 The spill-over effect of Au nanoparticles on ZnO nanorods 

proposed by Shingange et al. also explained Au could enhance responsivity and selectivity to 

ammonia gas. 32 At room temperature, Au nanoparticles would facilitate oxygen molecule 

ionization, in which those oxygen ions could migrate to ZnO surface. The gold nanoparticles as 

shown in Figure 2a could act as a chemical promotor to decrease the reactive energy of NH3 

molecules and oxygen at the ZnO surface, which would give good responsivity and selectivity to 

NH3 at room temperature. 

 

Conclusions 

A ZnO/Au Schottky diode gas sensor with vertical architecture was produced using a simple, 

cost-effective method by depositing gold onto ZnO nanorods by thermal evaporation. TEM and 

SEM images confirmed that the gold not only formed as a film on the top but also nanoparticles 
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in the center of the nanorods. A rectification ratio of 1400 at ± 1 V was determined by I-V 

characteristics. Gas sensing tests at room temperature showed that the ZnO/Au Schottky diode 

gas sensor had significant responsivity below 20 ppm NH3 and a promising selectivity compared 

to some common gases such as acetone, carbon monoxide, and ethanol. Continuous 

measurements over 24 h of ZnO/Au Schottky diodes showed that the electrical properties were 

stable. The mechanism of NH3 detection at low temperature was determined by the difference in 

barrier height of the ZnO/Au Schottky diode in different atmospheres. The gold nanoparticles on 

the ZnO nanorod surface also may act as a catalyst to enhance the responsivity and selectivity. 

The successful demonstration of the Schottky diode made with ZnO nanorods and gold gives an 

alternative and simple way to decrease the operating temperature, making it possible to be 

integrated with portable wireless devices 
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