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Abstract 

A metal-oxide material (indium zinc oxide [IZO]) device with near-infrared (NIR) 

laser annealing was demonstrated on both glass and bendable plastic substrates 

(polycarbonate, polyethylene, and polyethylene terephthalate). After only 60 s, the 

sheet resistance of IZO films annealed with a laser was comparable to that of 

thermal-annealed devices at temperatures in the range of 200°C–300°C (1 hr). XPS, 

ATR, and AFM were used to investigate the changes in the sheet resistance and 

correlate them to the composition and morphology of the thin film. Finally, the NIR 

laser-annealed IZO films were demonstrated to be capable of detecting changes in 

humidity and serving as a highly sensitive gas sensor of hydrogen sulfide (in 

parts-per-billion concentration), with room-temperature operation on a bendable 

substrate.  

 

Introduction 

In recent years, with the emergence of the Internet of Things, the development of 

various types of sensors has become increasingly critical. Gas sensors in particular 

have drawn much attention because of their ability to give an alert in the presence of 

toxic or explosive gas for safety surveillance,
[1]

 monitor air pollution conditions,
[2]
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detect health conditions through analysis of human breath,
[3-6]

 and control the 

freshness of food stock.
[7,8]

 Incorporating solid-state semiconductor gas sensors into 

plastic parts or wearable devices has also become attractive to facilitate easy handling 

and real-time detection.
[9,10]

  

Metal-oxide semiconductor materials grown through a conventional vacuum 

process have been successfully used in many commercial gas detectors.
[9,11,12]

 

However, complex and expensive equipment and high-temperature operation are 

usually required in the fabrication of such sensors.
[10,13,14]

 Along with the development 

of low-cost solution-processed metal-oxide semiconductor devices, many researchers 

have aimed to use a solution process to produce gas sensors on flexible or even 

stretchable substrates. For this, the operating temperature must be lower to preserve 

the properties of the plastic substrate. Room-temperature operation is still a 

challenging but attractive characteristic of the sensors. Myoung et al. developed 

micropatternable zinc oxide nanoflowers on polyimide substrate to detect nitrogen 

dioxide at 270°C (operating temperature).
[15]

 Xu and team developed a special 

metal-organic coating and applied it on ZnO nanowires to realize a sensitive acetone 

sensor at 260°C.
[12]

 Zheng et al. used commercial ZnO nanoparticles together with an 

ultraviolet (UV)-light-controlling technique to form an ethanol sensor on a 

polyethylene terephthalate (PET) substrate at room temperature.
[16]

 Li et al. used an in 
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situ chemical oxidation polymerization method to prepare polyaniline, a flower-like 

WO3 nanocomposite, on a PET substrate to detect 500-ppb ammonia at room 

temperature.
[17]

 Our previous work involved applying polymer-coating layers onto 

sputtered Indium-Gallium-Zinc-Oxide (IGZO) thin-film transistors to perform 

room-temperature ammonia and acetone sensing.
[18]

 Most successful 

metal-oxide-based gas sensors on flexible substrates exhibit nanostructures in their 

active layer. Few reports have demonstrated successful gas-sensing performance with 

the use of a solution-processed metal-oxide thin film. Jaisutti et al. reported the 

production of a sol–gel IGZO thin film on a glass substrate for detecting acetone at 

room temperature under UV irradiation.
[19]

 The photochemically activated IGZO film 

did not require a thermal-annealing process; thus, it may also be applicable to flexible 

substrates. 

For fabricating sensors on flexible substrates, the low curing temperature was also 

required. In prior studies including our prior reports, the decrease in the curing 

temperature relied on the use of UV treatment on metal-oxide sol–gel precursors. 

Such conditions proved to be very effective in removing the organic ligands and 

cross-linking the material.
[20-24]

 However, use of them is usually not sufficient for 

obtaining enough formation of a metal-oxide inorganic network with suitable 

electrical properties. In particular, the defect level is too high before thermal 
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treatment.
[21]

 For this reason, we decided to investigate near-infrared (NIR) laser 

curing. 

NIR laser curing was introduced as an efficient technique with which to induce 

photothermal effects in materials absorbing the NIR. This effect has already been used 

in applications such as laser marking,
[25-27]

 polymer melting for particle migration,
[28]

 

and polymer-to-polymer fixation. In this work, we demonstrate that NIR laser 

irradiation can be used for curing metal-oxide precursor thin films prepared from 

solutions, with sol–gel chemistry. The NIR laser system with a wavelength of 808 nm 

and continuous irradiation was used to irradiate a sol–gel IZO xerogel thin film to 

activate its electrical property. In addition to the electrical characterization, material 

analysis methods such as X-ray photoelectron spectroscopy (XPS) and attenuated 

total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) were used to 

investigate the NIR-laser-annealed IZO film. The low temperature process made it 

possible to integrate the IZO thin film onto the flexible polymer substrates of 

polycarbonate (PC), polyethylene (PE), and PET. Last, we determined that the IZO 

film can act as a gas sensor. The electrical properties were modified according to the 

presence of water in the atmosphere, allowing the use of the device as a humidity 

sensor. With a fixed humidity control, the IZO film also detected hydrogen sulfide gas 

down to 300 parts-per-billion (ppb) concentration at room temperature. Compared 
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with prior works demonstrating flexible hydrogen sulfide sensors,
[29-31]

 we are the first 

to realize the ppb-regime sensitivity on a flexible substrate, revealing its potential for 

application in wearable devices. According to the recommendation of the American 

Conference of Governmental Industrial Hygienists, the long-term (8 h time-weighted 

average) exposure limit for hydrogen sulfide is 1 ppm. The developed ppb-regime 

detection capacity is beneficial for the early alert of a dangerous environment. In this 

study, our proposed hydrogen sulfide sensor was sensitive, fast, and reversible, 

indicating promising applications in environmental surveillance.   

Experimental 

[Device fabrication] 

Figure 1a shows the schematic of device fabrication. The devices were produced 

using 3 cm   3 cm substrates, which can be either glass or flexible plastic materials 

such as PC, PE, or PET with 0.2-mm thickness. After cleaning the substrate, we used 

10-mins oxygen plasma (in a reactive ion etching system) at 100 W on glass 

substrates or 20-mins UV ozone treatment (Orient Service Co. Ltd; 

TW-UN-URS-500-03) on plastic substrates to produce hydrophilic surfaces to 

facilitate the following film adhesion. Then, the IZO precursor solution was 

spin-coated on the glass substrate. Here, we used indium(III) nitrate hydrate 

[In(NO3)3  xH2O] and zinc nitrate hydrate [Zn(NO3)2  xH2O] precursors (both 
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purchased from Sigma-Aldrich) dissolved in 2-methoxyethanol (In:Zn=5:4, 

[In]+[Zn]=0.25 M). Because the sol–gel solution and thin films are transparent at 808 

nm, a dye was added to the IZO solution. IR-140 (Sigma-Aldrich) was chosen for its 

solubility in the solution (typ. 1.2 wt%) and strong absorption at the NIR laser 

wavelength (Figure S1). IR-140 acts as a photoabsorber, provoking a photothermal 

effect in the sol–gel film, which was proved to be necessary to guarantee the stability 

of device performance. The absorption of the substrates was low at 808 nm as shown 

in Fig. S2 in supporting information, and thus no visible effect of the laser irradiation 

was observed on raw substrates in the range of power used here. This approach thus 

allowed thermal curing of the sol–gel layer without substantially affecting the 

properties of the substrate, which is the objective of this work. 

After the coating process, the laser annealing treatment was applied (Figure 2b). 

The irradiation area was 5   5 mm
2
 (Figure 2c) using an NIR 808 nm continuous 

laser (DS3-11312-xxx-LD No., BWT Beijing). The distance between the laser head 

and the sample is 15 cm. After laser annealing, the substrate was baked at 50°C for 20 

min. The thickness for IZO film after annealing was about 100 nm, confirmed by 

ET200 (SANPANY INSTRUMENTS CO., LTD.). Finally, the aluminum electrodes 

(60 nm) were deposited by thermal evaporation to form an IZO chemoresistor. The 

spacing between the two electrodes was 200 μm.  
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Figure 1. The schematic diagram for the sensing system. 

 

The humidity detection system, as shown in Figure 1, delivered an air flow with 

a tunable relative humidity (RH). The RH was controlled by tuning the flow ratio 

between the “dry air” and the “wet air” settings, where the dry air is the ambient air 

passing through a NaOH tube to exhibit a RH of approximately 10% and the wet air is 

the ambient air passing through a bottle of water to deliver a RH of approximately 

80%. To adjust the final RH, the flow rates of the dry and wet air were controlled by 

flow meters. With a pump in the outlet of the system, the mixed air with an adjustable 

RH was then injected into a glass tube, which served as the sensing chamber with the 

IZO chemoresistor.  

For hydrogen sulfide (H2S) gas detection, as shown in Figure 1, the background 

air (with an RH set at approximately 62% by the aforementioned humidity system) 

was pumped into the sensing chamber at a flow rate of 500 mL/min to serve as the 
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carrier gas. The analyte gas such as H2S gas was injected into the system to mix with 

the background air through a syringe pump system. Inside the syringe, 100-ppm H2S 

was placed. By tuning the speed of the syringe pump, the concentration of H2S in the 

mixed gas ranged from 300 to 1000 ppb. Inside the sensing chamber, the device 

current was recorded along with time by using an I-V analyzer (Agilent U2722A).  

The XPS analysis was performed on two setups: a Gammadata Scienta (Uppsala, 

Sweden) SES 200-2 X-ray photoelectron spectrometer under ultrahigh vacuum 

conditions (P < 10
-7

 Pa) to collect thermal annealing data and on a PHI Quanterall, 

ULVAC-PHI (P < 2.0   10
-7

 Pa) to collect NIR laser annealing data, separately. 

CASAXPS (Casa Software Ltd, Teignmouth, UK, www.casaxps.com) was used to fit 

all the peaks and area of each component of XPS data. ATR spectra were acquired 

using an IS50 spectrophotometer from Thermo Scientific. Diamond was supplied by 

Specac (Golden Gate diamond, with a 45° angle). Film roughness was characterized 

using AFM in tapping mode (Picoplus system from Agilent).  

http://www.casaxps.com/
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Figure 2. (a) Schematic of the fabrication of IZO chemoresistor. (b) Photograph of 

the sample during NIR laser irradiation. (c) Photograph of the IZO 

chemoresistor device with Al electrodes on PC substrate, depicting the 

device in a bent state. (d) Sheet resistance (Rs) of the IZO thin film cured by 

NIR laser (60-s irradiation) as a function of laser power. (e) Comparison of 

thermal and laser annealing for Rs values. (f) NIR photographs of 

temperatures measured by thermal imager for different NIR laser power. 
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Results and Discussion 

As depicted in Figure 2a, the key-step of the fabrication process relies on a 

photothermal effect that is triggered by the NIR laser irradiation and facilitated by the 

addition of the NIR dye. The local temperature increase allowed the classical 

condensation reactions to occur in the film and convert the material into metal oxide, 

with noteworthy electrical properties, as shown later. 

The irradiation conditions were thus expected to have a strong effect on the final 

material properties. To investigate the effect of NIR laser annealing, different power 

densities were tested. Figure 2d illustrates the sheet resistance (Rs) of the IZO 

chemoresistor with different laser doses. With 60-s irradiation, laser power was set to 

93 W/cm
2
, 105 W/cm

2
, 127 W/cm

2
, and 157 W/cm

2
. Notably, it was not possible to 

use a laser power lower than 93 W/cm
2
, because at a lower laser power, no stable 

electrical signal could be recorded. This was probably due to a low conversion of the 

material and the resulting high content of ionic species and solvent that can cause 

background electric signals and unstable device performance. As depicted in Figure 

2d, when laser power was set to 93 W/cm
2
 and 105 W/cm

2
, the Rs remained almost 

constant at 25 MΩ. When laser power increased to 127 W/cm
2
 and 157 W/cm

2
, the Rs 

increased to 118 MΩ and 3950 MΩ, respectively.  
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We compared the Rs of the NIR-laser-annealed IZO film with the Rs of 

thermally annealed IZO film. Figure 1e demonstrates the Rs of IZO films with 

different thermal annealing conditions. Thermal annealing was applied using a 

furnace tube with the temperature set to 150°C, 200°C, 250°C, and 300°C for 1 h. As 

expected, when the annealing temperature increased, the Rs of the IZO film decreased, 

which confirmed the need for thermal curing to obtain suitable electrical properties. 

The Rs values of NIR-laser-annealed films are denoted by the red dashed lines in 

Figure 2e. The Rs of NIR-laser-annealed IZO films with laser power from 93 W/cm
2
 

to 157 W/cm
2
 (60 s) were comparable to those of thermally annealed films with 

annealing temperature from 200–300°C (1 h). The 60 s laser irradiation time, however, 

was much shorter than the 1 h thermal annealing time. In addition, laser irradiation 

only generated local heating, whereas thermal annealing heated the whole substrate, 

and thus it cannot be applied to a plastic substrate. We observed that the proposed 

NIR laser annealing method was advantageous to the formation of the IZO 

chemoresistor on a plastic substrate as a flexible device. The flexible device 

performance is discussed later.  

Figure 2f is the real-time thermal image taken by a thermal imager (Testo 875i - 

versatile) on samples with NIR laser annealing for 60 s. The images, recorded shortly 

after ceasing NIR irradiation, confirmed the local heating generated at the surface of 
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the samples. The laser powers of 93 W/cm
2
, 127 W/cm

2
, and 157 W/cm

2
, generated 

maximum temperatures of 110.8°C, 176.2°C, and 228.8°C, respectively. The 

measured temperatures were in the same order of magnitude as those used for thermal 

curing. 

To confirm the laser-induced modification of the IZO thin film, we used 

ATR-FTIR analysis. As evident in Figure 3a, both thermal and laser annealing showed 

a substantial reduction at the peak of approximately 1400 cm
-1

. This peak can be 

ascribed to nitrate ions, indicating that the nitrate ions are removed during both laser 

and thermal treatments with a similar yield.
[32]

 The reduction of the absorbance of the 

broad peak at 3500 cm
-1

 indicates that the OH are also consumed in both conditions, 

which is consistent with condensation reaction between metal-oxide species. 

XPS analysis was also used to investigate the chemical changes induced by NIR 

laser and thermal treatment of the IZO films. As shown in previous works
[33]

, 

condensation reaction of the sol-gel material thin film can be followed quantitatively 

by following the modification of the O 1s component. The original data are provided 

in supporting information S3, S4 and Table S1. The three peaks are 530.4 eV, standing 

for surface hydroxide and lattice hydroxide; 529.2 eV, standing for vacancies and 

lattice defect; and 528.6 eV standing for the metal-oxide bonding network.
[33]

 We 

observed a slight difference in peak positions that may be ascribed to the charging 
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effect or the difference in morphology detected by AFM measurements (Figure 3e). 

The ratio between the intensity of the three specific peaks of thermal and laser 

annealing films are compared in Figures 3b and 3c. We expect that the thermal or 

laser annealing provokes the condensation of the sol-gel thin film, promoting the 

conversion of defects (surface and lattice hydroxides and defects) into metal oxide 

network. For thermal annealing (Figure 3b), we observed, as expected, the 

condensation reaction of the metal-oxide network, with further conversion of the 

hydroxide species to metal-oxide lattice species. With increasing temperature, the 

proportion of vacancy and lattice defects decreased, which accounts for the 

improvement of the electrical properties. In Figure 3c, the effect of the NIR laser is 

plotted. Metal-oxide lattice was 50%, 48%, and 49% for samples with laser powers of 

93 W/cm
2
, 107 W/cm

2
, and 157 W/cm

2
, respectively. Such metal-oxide lattice ratios 

are comparable to those of samples prepared under a 300°C thermal annealing 

condition (53%), as shown in Figure 3b. The finding of extremely similar metal-oxide 

lattice ratios for the laser-annealed samples also suggests that changing laser power 

from 93 W/cm
2
 to 157 W/cm

2
 does not substantially change the film composition. The 

XPS data are in agreement with the electrical properties presented in Figure 2, 

showing that the 60-s irradiation is efficient enough to generate the same effect in the 

thin film as thermal heating at 200°–300°C during 60 min. 
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Laser irradiation time is another critical parameter. With a fixed laser power of 

93 W/cm
2
, the irradiation time was tuned to 0 s, 30 s, 60 s, 90 s, and 120 s. The raw 

XPS analysis data are provided in supporting information. The ratio of hydroxide 

(530.4 eV) to the sum of the three peaks is plotted as a function of laser irradiation 

time, as shown in Figure 3d. This result suggests that a laser irradiation time of 60 s is 

sufficient to substantially remove the surface hydroxide defect. We also noticed that 

increasing irradiation time from 60 s to 120 s did not further improve the conductivity 

(data not shown), hence we chose 60 s as our optimal irradiation time.  

To further investigate the reduction of conductivity with the increase of laser 

power, the film morphology was also studied by using AFM. The surface roughness 

of IZO film, as a function of laser power, is shown in Figure 3e. The AFM images of 

IZO film with the lowest laser power of 93 W/cm
2
 and the highest laser power of 157 

W/cm
2
 are shown in Figures 3f and 3g, respectively. The AFM images of samples 

with laser power of 105 W/cm
2
 and 127 W/cm

2
 are shown in supporting information 

Figure S4. It can clearly be observed in Figure 3f that the IZO film with high laser 

power (i.e., 157 W/cm
2
) exhibits a very rough morphology (roughness as high as 77 

nm). In Figure 2d, with increased laser power, the film roughness increases 

considerably. The high roughness may be explained by the rapid heating on the IZO 

film during the laser irradiation, which causes fast evaporation of the solvent and 
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leads to the nonuniformity of the film. We therefore suggest that, as evident in Figure 

2d, the degraded conductivity with high laser power is caused by the greatly increased 

film roughness. Notably, in Figure 3e, the surface roughness of the IZO film with low 

laser power is comparable to the roughness of the IZO film with 300°C thermal 

annealing for 1 h.   
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Figure 3. (a) ATR-FTIR analysis of the IZO thin film for laser and thermal annealing. 

The highlighted area corresponds to the removal of nitrate ions under both 

the thermal and laser annealing processes. (b), (c) Analysis of O1s peak 

from the XPS data for thermal and laser annealing, respectively. (b) shows 

the fluctuation of three main peaks, hydroxyl, vacancy and lattice defect, 

and metal-oxide lattice, for several temperatures. (c) shows the similar 

metal-oxide ratio of laser power at 93 W/cm
2
, 127 W/cm

2
, and 157 W/cm

2
. 
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(d) Evolution of hydroxyl content with different laser irradiation times. (e) 

Surface roughness of IZO film as a function of laser power. The irradiation 

time was 60 s. (f), (g) AFM images to compare low (93 W/cm
2
) and high 

(157 W/cm
2
) laser power differences. 

 

A notable characteristic of the NIR laser curing process is its compatibility with 

plastic substrates that cannot stand thermal curing. For this reason, devices on plastic 

substrates were fabricated and their electrical properties were evaluated. We 

successfully used the NIR laser annealing method on flexible substrates such as PE, 

PET, and PC without damaging the substrates, as shown in Figure S5. Thermal 

annealing at 200°C for 1 h caused obvious deformation of these substrates. For 

example, normally, PC begins to flow at temperatures above 150°C. Such 

temperatures are too low to form thermally annealed IZO film with suitable electrical 

properties. 

IZO semiconducting thin films are known to be sensitive to gas, and this material 

can thus be used in a chemoresistor material. After verifying that the film composition 

and the sheet resistance of NIR-laser-annealed IZO film are as good as their thermal 

annealed counterparts, we investigated the sensor performance of the fabricated IZO 

film. For sensor application, we like to have a large enough output current (i.e. 10
-8

 ~ 

10
-6

 A) at a low operation voltage (i.e. 5-10 volts) to avoid the noise in the electrical 

measurement system. Hence, samples with 157 W/cm
2
 60 sec are not very suitable 
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due to the high resistance. For the following samples, if not particularly specified, the 

laser annealing condition is 127 W/cm
2
 for 60 sec. We first noticed that the film’s 

electrical response was very sensitive to humidity, hence humidity sensing results 

were demonstrated. Using the humidity control system described in the experimental 

section, we tested the real-time current change when modifying the humidity in the 

sensing chamber. As shown in Figure 4a, the relative humidity (RH) was variously 

10%, 30%, 50%, and 60%. With increasing humidity, the current in the device 

elevated. Such an effect was also reported in prior works. Water molecules absorbed 

onto the surface of the metal oxide to form H
+
 or H3O

+
 through a dissociation 

effect.
[34,35]

 Then, H
+
 or H3O

+
 ions hopped between adjacent hydroxyl groups to form 

the current. Increasing RH led to an increase of such hopping current.
[34, 35]

 Notably, 

to have a consistent current response, 10% humidity was used as a background 

reference condition. With this controlled background reference, the IZO film 

delivered a stable response to humidity change, as shown in Figure 4a. The current 

response is defined as the average current when switching the humidity for 1 min and 

is plotted as a function of RH in Figure 4b. The small deviation verifies the function 

of humidity sensing. In future application, the reference 10% RH can be produced by 

flowing the background air through the NaOH tube as reported in our prior 

works.
[5,8,18]
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In the second step, we demonstrated that the IZO chemoresistor device can be 

integrated by laser annealing on flexible PC substrate, without any noticeable 

modification of the substrate properties (Figure 4c). We then illustrated the hydrogen 

sulfide gas-sensing performance of the device on a flexible substrate. With a fixed 

humidity of 62%, the proposed IZO chemoresistor had a very good response to 

hydrogen sulfide (H2S) gas. It is noted that the humidity has to be fixed, otherwise the 

variation of humidity will cause an interference signal to the H2S sensing. The method 

to control the humidity in the sensing system was introduced in the experimental 

section. The real-time current response to H2S gas is illustrated in Figure 4d. In the 

orange regions, H2S gas with 1000, 500, and 300 ppb concentration was injected into 

the sensing chamber for 30 s. The responding current drops were very fast and were 

reversible after removing the H2S gas. The sensing response was defined as the 

current variation ratio, which is the current difference during the 30-s sensing period 

divided by the initial current level before injecting H2S gas. When the sensing 

response is defined by using the current variation ratio, the response will not be 

affected by the absolute value of the current.
 [6,36]

 Hence, after the recovery period, 

even if the current level cannot reach its original value, the sensor delivers stable 

response to a fixed H2S concentration. (Figure S6). The slight decrease of the 

background current signal during measurement may be due to the increased defect 
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density with continuous bias, which is known as the bias stress effect in oxide 

semiconductor devices 
[37]

. Figure 4e demonstrates the calibration curve by plotting 

the sensing response as a function of H2S concentration. For every H2S concentration, 

three sensing responses were recorded to calculate the average and standard deviation. 

A linear dependence was obtained. As mentioned in Fig. 3(e), NIR laser intensity 

modulated the surface roughness. We compared the H2S sensing responses by using 

the IZO films annealed by 93 W/cm
2
 and 157 W/cm

2
, with corresponding AFM 

images shown in Figs. 3(f) and 3(g), respectively. However, no significant difference 

was observed between the two sensors’ responses (data not shown), indicating that the 

surface roughness is not the primary factor to control the H2S sensing. In prior reports, 

when using SnO2 or Cu-doped ZnO to detect H2S, a current increase was observed 

upon exposure to H2S with ppm-regime concentrations. 
[36, 38-40]

 Other recent 

reports
[29-31, 41-44]

 for H2S sensing are compared in Table S2. For H2S sensing on 

flexible substrate, we are the first to deliver sensitivity in ppb-regime. The sensing 

mechanism, particularly at operating temperatures above 140°C, is mostly explained 

by the reaction between H2S molecules and O
-
 or O2

-
 to generate additional free 

electrons. The high temperature greatly enhances the adsorption activity of oxygen 

onto the surface of the metal-oxide semiconductor. The conversion rate of adsorbed 

molecular oxygen (O2
-
) to atomic oxygen (2O

-
) is also increased at elevated 
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temperatures. The H2S molecules then react with O
-
 or O2

-
 to form SO2 and free 

electrons. Hence, a current increase is obtained when detecting H2S. However, in our 

work, we repeatedly observed a current drop when the NIR-annealed IZO 

chemoresistor was in contact with H2S. When we reduced the RH in the sensing 

chamber to 30%, as shown by the red line in Figure 4e, the responses to H2S were 

almost the same as those with RH of 62%. Such a humidity effect on gas sensing in 

IZO differs from prior reports. In previous works, a degraded CO or H2S sensing 

response is observed when increasing the humidity. The elevated water absorption on 

the ZnO surface shields the reactive O
-
 or O2

-
 sites and hence suppresses the response 

to H2S gas.
[22]

 In the current work, we observed a current reduction in IZO upon H2S 

sensing at room temperature. In addition, the sensing capacity was not degraded by 

increasing the humidity. It is thus plausible that the H2S detection of our sample does 

not rely on the reaction with O
-
 or O2

-
. The detailed mechanism, however, requires 

further investigation. In this work, we aimed to propose a new annealing method to 

realize flexible IZO on a plastic substrate and to deliver an ultrasensitive ppb-regime 

H2S-sensing performance.  

Finally, we evaluate sensing selectivity. Figure 4f shows the sensing response to 

ammonia (NH3), acetone (denoted as ACE), nitrogen monoxide (NO), and hydrogen 

sulfide (H2S) with a gas concentration of 1 ppm. We noticed that the proposed IZO 
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film was particularly sensitive to H2S. The high sensitivity and selectivity to H2S gas 

indicates that the NIR-laser-annealed IZO film is promising for application in 

industries or households for safety surveillance. As a preliminary test, we also 

compared the H2S sensing response using a just-fabricated sensor (noted as Day 0) 

and a sensor stored at a food-storage-quality nitrogen bag for 2 days (noted as Day 2) 

in Fig. S7 in supporting information. There is no much difference between the Day 0 

and Day 2 data. Also, within 2 hrs, the sensor delivers repeated sensing results even 

when the background current decreases due to the continuous bias effect (not shown). 

In future, more studies will be conducted to investigate the optimal storage condition 

to obtain a good enough shelf-lifetime for real applications. 



 24 

 

Figure 4. (a) Current response of NIR laser-annealed device. The NIR laser 

irradiation power was 127 W/cm
2
 for 60 s on PC substrate. The operation 

voltage was 10 volts. (b) Calibration curve of NIR laser-annealed humidity 

sensor. With the change of humidity, we extracted and calculated the first 

120 s of current data once it became stable. (c) Photograph of 

NIR-laser-annealed IZO chemoresistor on a bendable PC substrate. (d) The 

real-time current response and gas response of NIR-laser-annealed IZO 

chemoresistor when injecting H2S gas with different concentrations. The 

operation voltage was 5 volts. The NIR laser power density was 127 W/cm
2
 

for 60 s. (e) Calibration curves of NIR-laser-annealed IZO chemoresistor on 

PC substrate at RH = 62% and RH = 30%. The NIR laser power density 

was 127 W/cm
2
 for 60 s. Three independent experiments were conducted to 
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calculate the average and the standard deviation. (f) The comparison of 

sensing response to 1-ppm ammonia, acetone, nitric oxide, and hydrogen 

sulfide. 

 

Conclusion 

 We demonstrated a new 808-nm NIR laser-based method to treat sol–gel IZO 

film that has a low-cost and fast annealing time. The performance of the 

laser-annealed device is comparable with that of a thermally annealed device with an 

annealing temperature above 200°C. The short laser irradiation time and the local 

heating phenomenon make the NIR laser suitable for fabrication on flexible substrates 

such as PC. The XPS analysis confirmed that the proposed NIR laser annealing 

method provides a suitable metal-oxide network for electric conduction. The 

NIR-laser-annealed IZO film was then used as a humidity sensor and hydrogen 

sulfide sensor. For humidity sensing, compared with the reference humidity, the IZO 

film delivered a stable sensing response to RH, varying from 10% to 60%. Then, with 

a fixed humidity, the IZO film exhibited an extremely sensitive response to H2S, 

ranging from 300 to 1000 ppb. The sensing mechanism does not rely on the 

interaction between H2S and the absorptive of oxygen (O
-
 or O2

-
), which is only 

present at high temperatures. As a result, in our work, ppb-regime H2S sensing can be 

realized at room temperature on a bendable substrate. The H2S sensing selectivity 

among ammonia, nitric monoxide, carbon monoxide, and acetone is also extremely 
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favorable. Preliminary stability test on the proposed H2S sensor revealed that the 

sensor delivered almost unchanged sensing response after being stored in a simple 

food-storage-quality nitrogen bag for 2 days. More investigation on long term stability 

and storage condition will be done in future work. The proposed low-cost bendable 

NIR-laser-annealed IZO chemoresistor is promising for use in wearable devices to 

detect environmental humidity or to give an alert of dangerous hydrogen sulfide 

levels. 
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