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 In the present study, hematite (α-Fe2O3) nanorod structure were grown on 

fluorine doped tin oxide coated glass substrate via sonicated immersion 

approach with variation of annealing temperature (350˚C – 600˚C) in one-

hour treatment. The impact of varying the temperature of annealing treatment 

on crystalline phase, structure morphology, optical properties and humidity 

sensing performance of hematite were examined. X-ray diffraction pattern 

disclosed a rhombohedral structure with α-phase diffraction peaks. The 

surface morphology images taken from field emission scanning electron 

microscopy revealed that the hematite nanorod arrays were grown uniformly 

in all samples and the average diameters of nanorods were measured in the 

ranges between 55 and 80 nm. Ultraviolet–visible spectroscopy measurement 

spectra show that all samples exhibited good optical properties. The hematite 

humidity sensor sample annealed at 400°C has demonstrated the highest 

sensitivity response (S=177.78) to humidity range between 40%RH to 

90%RH. 
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1. INTRODUCTION  

Monitoring and controlling the levels of moisture and humidity are considerably vibrant in various 

environments particularly for industrials, manufacturing, environmental, and medical fields. The demand of 

ideal humidity sensor with low cost manufacturing as well as high efficiency is essentially crucial. An 

ultimate humidity sensor should meet special requirements such as high sensitivity, excellent stability and 

repeatability, and fast response/recovery rate. Various types of humidity sensors such as capacitive [1] and 

resistive [2]-[6] were studied for different applications. Among these types, resistive humidity sensor is one 

of the promising sensors for humidity and vapor detection, based on its simplicity of fabrication process, low 

cost, and relatively high precision of sensor measurement [7]. To fabricate high-efficiency humidity sensors, 

various materials have been synthesized and explored, which include polymers, ceramics, metal oxide, and 

their composites. Each material has its own virtue and exact conditions of utilizations.  

Metal oxide semiconductors are the most common materials used for electronic sensing devices 

because of their excellent properties. Metal oxides materials have also been utilized in humidity sensor 

development. These metal oxides include TiO2 [8], SnO2 [9], and ZnO [4]. One of the possible metal oxide 

materials that rarely reported to be applied as humidity sensor is iron oxides (ferric oxides). Iron oxide 

particularly hematite phase exhibits n-type semiconductor with a wide bandgap of 2.1 eV. Early studies of 

synthesizing iron oxides to be applied as humidity sensors merely focusing on porous ceramic materials with 

limited characterization results [10]. The effects of different dopant ions to the hematite-based humidity 
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sensor behavior have also been investigated [11]. Iron oxide minerals has been existing to be polymorphs, as 

it can be found in several phases, for instance, hematite (α-Fe2O3), beta-phase iron oxide (β-Fe2O3), 

maghemite (γ-Fe2O3), epsilon-phase iron oxide (ε-Fe2O3) and the mixed oxide, magnetite (Fe3O4). Hematite 

(α-Fe2O3) is one of the iron oxides that are commonly found in a rock and it is the most durable and 

environmentally friendly under a broad range of surrounding conditions [12]. Particularly in nanostructures, 

the highlighted characteristics of hematite were captured in various applications including 

photoelectrochemical water splitting [13], magnetic devices [14], and lithium ion batteries [15]. 

Numerous nanostructures of hematite have been synthesized through various synthesis techniques 

and materials compositions. Synthesis and fabrication process of hematite nanorod array structure 

development is influenced by different features such as temperature [16], nature of precursors [17], 

stabilizers, and substrates. Literally, the revolution of enhanced nanostructures contributes unique effects on 

structural, optical, and electrical performance. Some researchers also added dopants to their solution, for the 

purposed of enhancing the hematite nanostructure properties [18], [19]. These research works have brought a 

lot of attention to expand application related to hematite material. Indirectly, all these features excite 

community attention in developing the applications with variation method preparations. Several approaches 

to synthesize this material are spin coating deposition, sol–gel method, hydrothermal synthesis, spray 

pyrolysis, and magnetron sputtering with distinct morphologies and nanostructures. To grow α-Fe2O3 

nanorod arrays, the hydrothermal method is most commonly used, which requires a high-pressure autoclave 

at high temperature and long deposition time [20], [21]. 

A proper annealing treatment in post-synthesis process is essential in improving lattice structure and 

interfacial conductivity between the FTO substrate and the hematite film [16]. Therefore, in this research 

work, we prepared hematite nanorods samples using sonicated immersion method and annealed at different 

temperatures. The influences of annealing temperature on the structural, optical, and humidity sensing 

properties of the synthesized hematite nanorod films were explored. The humidity sensor performance in 

terms of sensitivity, and stability against the changes of humidity levels were also presented in this work. 

 

 

2. RESEARCH METHOD 

Fabrication of hematite nanorod based humidity sensor require a few steps involving substrate 

preparation, solution mixture, synthesis process, annealing treatment, and characterizations. The α-Fe2O3 

nanorod arrays with nanopores were grown on fluorine tin oxide (FTO) glass substrate in a Schott bottle 

using low-temperature sonicated sol–gel immersion technique. Generally, FTO glass substrate is transparent, 

which has a conductive layer (FTO layer) deposited. This conductive layer was used as a surface to grow 

hematite layer during immersion process. Prior to the synthesis of hematite nanorod array structure, the FTO 

substrate was cleaned to remove any contaminations. FTO substrates with the dimensions of 2×2cm were 

immersed and cleansed in a beaker filled with methanol (CH3OH). Then, the cleaning process was conducted 

using sonication process in an ultrasonic cleanser for 10 minutes at 50°C. The same cleaning procedure was 

repeated by replacing methanol with deionized (DI) water. After this process, the FTO substrates were dried 

with nitrogen gas. 

Hematite nanorod arrays were synthesized through sonicated sol–gel immersion method. In this 

procedure, aqueous solution was prepared by dissolving 0.2 M ferric chloride (FeCl3⋅6H2O), and 0.2M urea 

(NH2CONH2) in beaker filled with DI water. The solution was sonicated in ultrasonic water bath at 50°C for 

30 minutes, and subsequently stirred under room temperature on a stirrer for 5 minutes at 250 rpm. Then, the 

FTO substrates were placed in Schott vial with the conductive surface facing up. The solution mixture was 

poured gradually into the Schott bottles. Then, the bottles were sealed and immersed into a water bath 

equipment for two hours at 95°C. After immersion process, the samples were taken out from the bottles and 

dried for 10 minutes at 150°C in a furnace. Then, the synthesized hematite samples were annealed at different 

temperatures of 350°C, 400°C, 450°C, 500°C, 550°C, and 600°C for one hour.  

The crystallinity properties of the prepared hematite samples were investigated using an X-ray 

diffraction (XRD; PANalytical X'Pert PRO) with CuKα radiation. The surface morphologies of the samples 

were characterized using a field emission scanning electron microscopy (FESEM; JEOL JSM-7600F). The 

optical properties of the hematite nanorod arrays were determined using an ultraviolet–visible (UV-Vis) 

spectroscopy (Varian Cary 5000). For the device characterization, the samples were deposited with 60-nm-

thick Platinum (Pt) metal contact using thermal evaporator. The physical mask was used to create metal 

contact patterns on the sample during evaporation process. The humidity sensor measurement was performed 

using a humidity chamber (ESPEC-SH261) equipped with a sensor measurement system (Keithley2400). 
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3. RESULTS AND ANALYSIS 

The XRD patterns of the synthesized samples in Figure 1(a) shows that pure hematite (α-Fe2O3) 

phased films were grown on the FTO substrates. The other phases of iron oxide such as meghemite and 

magnetite were not attained in the synthesized samples according to the XRD patterns. The diffraction peaks 

at 26˚, 38˚, and 53˚ with high intensity correspond to FTO layer were also recorded in the XRD patterns due 

to X-ray penetration into the FTO conductive layer on the glass substrate. The observed peaks for the 

hematite nanorod arrays are attributed to a polycrystalline structure with rhombohedral lattice system under 

trigonal crystal system with respect to JCPDS #33-0664. The samples annealed at high temperatures (500°C, 

550°C, and 600°C) have five diffraction peaks in the range between 20˚ to 90˚, which correspond to the main 

orientations of α-Fe2O3, namely, (104), (110), (214), (125), and (128) planes. However, the samples annealed 

at low temperatures (350°C, 400°C, and 450°C) show non-appearance of the diffraction peak corresponds to 

(110) plane orientation as indicated in Figure 1(b). This condition is due to a nature of low-annealing-

temperature process, which has insufficient heat energy for a complete crystallization process. 

 

 

 
 

(a) (b) 
 

Figure 1. (a) The XRD patterns of hematite nanorod arrays at different annealing temperature. (b) The 

diffraction peaks in the range between 22⁰-27⁰ showing the appearance of (110) plane orientation peak for 

samples annealed at 500°C, 550°C, and 600°C 

 

 
 

Figure 2. FESEM images of α-Fe2O3 nanorod arrays at different annealing temperature of (a) 350°C, (b) 

400°C, (c) 450°C, (d) 500°C, (e) 550°C, and (f) 600°C at 50,000× magnification 
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The FESEM images in Figure 2 depict the surface morphologies of the prepared hematite nanorod 

array samples at different annealing temperatures taken at 50,000× magnification. From the surface 

morphology images, all samples exhibit nanorod structures, which grown perpendicular to the substrates. For 

the samples annealed at temperature higher than 500˚C, large pore areas are observed between the nanorods. 

These samples also exhibit high porous structures. The formation of pore areas between the nanorods might 

be due to the evaporation of impurities during the annealing treatment and the merging activity of the 

nanorods at high temperature. The average diameters of hematite nanorod annealed at different temperatures 

are listed in the Table 1. The table shows that the average diameter sizes of hematite nanorods are ranging 

from 50 nm to 80 nm.  

The optical properties of hematite nanorod samples at different annealing temperature were 

determined from the UV–vis transmittance spectra in the range of 300–800 nm, as indicated in Figure 3(a). It 

is observed that all samples exhibit high transmission greater than 80% in the wavelength regions between 

600 to 800 nm. The spectra reveal that the samples annealed at lower temperature have higher transmittance 

properties. It also can be perceived that the sample annealed at 550°C has the lowest transmittance values. 

The high transmittance properties might be attributed to the smaller nanostructure size which leads to higher 

porosity in the hematite nanorods films. Thus, it reduces the optical scattering effect and enhances the 

transmission of the lights through the sample. From the transmittance spectra, the absorption coefficients of 

thin films were calculated using Lambert’s law as shown in (1): 

 











Tt

1
ln

1
  (1) 

 

where t is the nanostructure’s film thickness which was estimated from cross-sectional images and T is the 

measured transmittance. Figure 3(b) depicts the absorption coefficient spectra of the hematite films. From the 

absorption coefficient spectra, the hematite nanorod sample annealed at high temperature exhibits high UV 

absorption properties at wavelengths below 600nm. 

Figure 4 shows Tauc’s plot of the hematite nanorod arrays derived using (2). The equation for 

optical band gap energy estimation is shown (2): 

 

   gEhvAahv 
2

 (2) 

 

Here, α, hv, A, and Eg represent the absorption coefficient, photon energy, constant, and band gap 

energy, respectively. The band gap energy of the hematite nanorod arrays were determined from the 

extrapolation of the linear side of the graph. The estimated optical band gap values of the samples are in the 

ranges between 2.1 eV to 2.2 eV, which consistent with the reported values in literature [22]. 

 

 

  
(a) (b) 

 
Figure 3. Optical properties of hematite nanorod array film samples at different annealing temperatures: (a) 

transmittance and (b) absorption coefficient spectra 
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Figure 4. Estimation of the optical band gap energy (Eg) using Tauc's plot 

 

 

Table 1. Average diameter and humidity sensing sensitivity of hematite nanorod arrays prepared at different 

annealing temperatures 
Annealing Temperature Average Diameter (nm) Sensitivity(40-90) %RH 

350°C 55 22.41 

400°C 80 177.78 

450°C 76 39.40 

500°C 62 119.33 

550°C 66 29.77 

600°C 64 5.51 

 

 

The performance of the fabricated hematite humidity sensors was measured through the variation of 

humidity conditions. The absorption process (response) was measured for relative humidity ranges from 40% 

to 90% RH, while the desorption process (recovery) was measure in the ranges between 90% to 40% RH. 

The humidity response and recovery route were measured in humidity chamber with 5V bias at room 

temperature (25°C). It can be understood from the plotted graph in Figure 5(a) that all samples exhibit a good 

humidity response with rapid changes of current signal as the humidity level increases from 40%RH to 

90%RH, and promptly decays as the humidity level is ramped down from 90% RH to 40% RH. The 

sensitivity, S, of the sensor was estimated using the following (3): 

 

 rh

a

R

R
S 

 (3) 

 

where Ra and Rrh is the resistance of the sensor exposed to the initial humidity level (40%RH) and maximum 

humidity level (90%RH), respectively. The resistance values were attained from the current values of the 

response curves using Ohm’s law (V=IR). Table 1 presents the sensitivity, S calculated for all samples. It can 

be perceived that the sample annealed at 400°C has the highest sensitivity value of 177.78, follows by sample 

annealed at 500°C with S = 119.33. The sample annealed at 600°C is found to be the least sensitive to 

humidity with sensitivity value of 5.51. The high sensitivity value obtained for these samples is mainly 

attributed to nanopores, which formed between α-Fe2O3 aggregates and facilitate high surface area for water 

molecules to diffuse across the sample.  

The humidity sensor measurement (respond and recovery) were repeated for a few cycles to 

measure the stability of the sensor detection. Figure 5(b) illustrates the repeatability current response to 

different humidity level for sample annealed at 400°C. The sensor measurement results demonstrate a good 

stability response, with almost identical curves observed over five cycles. Figure 5(c) illustrates the current 

responses of sample annealed at 400°C to different humidity levels. The plot shows that the sample response 

well with the different humidity levels. Figure 5(d) shows the sensitivity values of the samples at different 

humidity levels. The graph reveals that the sample annealed at 400°C exhibits the highest sensitivity values at 

various humidity levels.  
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(a) (b) 

  
(c) (d) 

 

Figure 5. (a) Humidity sensor responses of hematite nanorod array-based humidity sensors at different 

annealing temperatures. (b) Repeatability humidity response of fabricated hematite humidity sensor annealed 

at 400°C, (c) Current responses of sample 400°C to different humidity (d) Sensitivity plot of samples at 

different humidity levels 

 

 

The generated current at high humidity level can be explained by the fact that the electrolytic 

conductions occur in the sample. High density of water molecules at high humidity level promotes proton 

hopping inside the films, which occurs along a series of hydrogen bonds between hydronium ions and water 

molecules. When the surface area of hematite nanorod increases, the rate of water adsorption on the surface 

improves at the increased humidity level. Consequently, the electrical properties of the devices change and 

eventually cause the electrolytic conduction in the films. The hematite nanorod arrays have high surface area 

due to the nanorod structure itself and the formation of nanopores on the nanorod surface. Thus, it can be 

expected that the water adsorption under various humidity level of hematite nanorod arrays are better than 

that of the conventional nanostructures such as nanoparticles and nanocubes. 

 

 

4. CONCLUSION 

Hematite (α-Fe2O3) nanorod arrays were successfully prepared via sonicated immersion method on 

FTO coated glass substrates at different annealing temperatures ranging from 350⁰C to 600⁰C. The XRD 

pattern revealed that α-Fe2O3 exhibits a rhombohedral structure with five diffraction peaks correspond to 

(104), (110), (214), (125), and (128) plane orientations. Diffraction peak correspond to (110) plane 

orientation appears for samples annealed at 500˚C and above. Hematite nanorod samples exhibits a uniform 

growth and small diameter size ranging from 55nm to 80nm. The optical band gap of hematite annealed at 

different temperatures ranges from 2.1 eV to 2.2 eV. The highest sensitivity was recorded for the sample 

annealed at 400°C with the value of 177.78 when the humidity changes from 40% RH to 90% RH. 
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 The humidity response for hematite nanorod array-based sensors also exhibit a good repeatability and 

stability over five cycles. 
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